Intracellular polymer network as source od cell motility by Fuhs, Thomas
INTRACELLULAR POLYMERNETWORK
AS SOURCE OFCELLMOTILITY
Von der Fakultät für Physik und Geowissenschaften
der Universität Leipzig
genehmigte
DISSERTATION
zur Erlangung des akademischen Grades
doctor rerum naturalium
Dr. rer. nat.
vorgelegt von
M. Sc. Thomas Fuhs
geboren am 13. 1. 1982 in Aachen
Gutachter: Prof. Josef A. Käs
Prof. Paul A. Janmey
Tag der Verleihung: 16. September 2013
Bibliographische Beschreibung
Fuhs, Thomas
Intracellular polymer network as source od cell motility
Universität Leipzig, Dissertation
102 S., 101 Lit., 68 Abb., 1 Tab.
Referat
Cell motility has been found to play a role in many important body functions as well
as the embryogenenis of mulitcellular organisms like vertebrates. From a physics
point of view the interesting questions behind every motion are: Why is it moving?
Where do the forces come from?
Today we know that the motility of many cells is dependent on an active polymer
network. Actin, one of the most abundant proteins in the body, is constantly poly-
merized, being moved around and depolymerized in motile cells. Until now, only
forces outside the cell like traction forces could be measured. The direct measure-
ment of the force generated by polymerizing actin ﬁlaments has only been measured
by our lab and the lab of M. Radmacher. In these measurements ﬁsh keratocytes
were used. Whereas I did these experiments, for the ﬁrst time, on mammalian cells.
To measure forward forces on neuronal growth cones I stabilized the SFM, as
measurement times went up from minutes to hours. Furthermore measurements
had to be performed at 37°C instead of room temerature, this induced drifts of the
substrate. I incorporated an optical trap into the microscope to track the motion
of the substrate. A feedback loop moved the SFM cantilever to minimize relative
motion of substrate and cantilever.
For keratocytes I directly measured the forces produced by actin polymerization
and, to my knowledge for the ﬁrst time, the forces associated with the retrograde
actin ﬂow using a SFM. The result was that both actin and myosin play important
but diﬀerent roles in motility. For actin it turned out that considering just the poly-
merizationwas not enough. Actin depolymerization and the resulting entropic forces
are a completely new physical eﬀect in actin based cell motility. With this new force
in the force balance I can explain all eﬀects observed in my experiments without in-
troducing any new biochemical feedback loops.
Finally I showed that neuronal growth cones are very soft and weak structures.
They are at least one order of magnitude softer and weaker as for example ﬁbrob-
lasts or cells forming the blood vessel walls. As neurons are usually located in soft
environments this does not impede their normal outgrowth. It could even serve as a
safety mechanism that prevents cell from growing into wrong areas like breaching
the blood-brain-barrier, on a physical level. For a neuron the wall of a blood vessel
feels like a brick wall for us.
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1 Introduction
The brain is the most complex organ in the human body, and the least understood.
This work is not aiming at understanding the complexity of the brain but a much
earlier point of neuronal development — how does an axon get to the place where it
meets the dendrite to establish a synapse?
Neurons are generated in special proliferative areas in the brain, migrate to their
ﬁnal position and only then start to connect themselves to other cells. They send
out neurites, axons and dendrites, to ﬁnd other neurites with whom they can form a
synapse. I focussed on outgrowing neurites, and more exactly on the highly dynamic
structures at the tip of each neurite. These growth cones are as the name already
suggests responsible for the outgrowth of the neurite. They are not only responsible
for advancing the neurite, they also decide where to go.
From a physics point of view the interesting questions behind every motion are:
Why is it moving? Where do the forces come from? Now cell motility isn’t exactly
a brand new ﬁeld. Even the ﬁrst microscopers investigating single cell organisms
saw them actively swimming around in water [van Leewenhoeck, 1677]. Since then
a lot of research has been done on cells and cell motility. Nowadays we know that
cells can move in more ways than to swim around in water. Cell motility has been
found to play a role in many important body functions as well as the embryo genesis
of multicellular organisms like vertebrates.
Today we know that the motility of neuronal growth cones is dependent on an
active polymer network. Actin, one of the most abundant proteins in the body, is
constantly polymerized, being moved around and depolymerized in motile cells.
Until now, only forces outside the cell like traction forces could be measured. The
direct measurement of the force generated by polymerizing actin ﬁlaments has only
been measured by our lab and the lab of professor Radmacher [Prass et al., 2006]. In
these measurements ﬁsh keratocytes were used. Whereas I did these experiments,
for the ﬁrst time, on mammalian cells.
Almost all cells will move when they are taken out of their natural environment
and are cultured in a Petri dish. However a Petri dish is far from the natural environ-
ment. In culture cells sit on a hard surface and are surrounded by water. Movements
on this surface are only resisted by the low viscosity of water. In the body cells are
embedded in an environment of ﬁnite stiﬀness, neither is the surface they move on
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inﬁnitely hard, nor is the resistance against which they move negligibly low. The re-
lation of the strength of the cells and the stiﬀness of their surrounding will set limits
for the motility in vivo. One organ where this limit has an strong eﬀect might be the
central nervous system and maintaining the blood-brain-barrier.
Therefore one aim of this work was to quantify what forces outgrowing neu-
ronal growth cones can produce. I measured the forward forces generated by the
polymerizing actin network, traction forces exerted by the cell onto the substrate.
Measurements of the elasticity of the growth cone link the forces to the mechanical
properties of the surrounding tissue.
The second aim was a deeper understanding of actin-based cell motility. For
this I used keratocytes as a model system. I continued previous measurements from
our lab [Brunner et al., 2006] and investigated the force generation of the actin net-
work at the leading edge of motile keratocytes. I used diﬀerent drugs targeting this
actin network to study the inﬂuence of the diﬀerent mechanisms. Moreover I could
for the ﬁrst time directly measure forces associated with the retrograde actin ﬂow.
As a consequence of my measurements, I introduce a new force in the force bal-
ance of cell motility. A contractile entropic force that is the consequence of actin
depolymerization.
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2.1 Cell motility
Cell motility plays an important role in many functions of the human body, from
immunoresponse and wound healing over the construction of the neuronal network
in the brain to cancer metastasis. A deeper understanding of cell motility promises
new insights into a wide range of processes.
2.1.1 Actin-based cell crawling
Active cell movement occurs in two major modes, swimming and crawling. Crawl-
ing further subdivides into amoeboid and gliding motion. First I will brieﬂy intro-
duce amoeboid motion, before I explain gliding motion in more detail.
Amoebae build up internal pressure by contracting their cytoskeleton. As the
plasma membrane locally detaches from the actin cytoskeleton a bag of plasma
membrane forms at their leading edge. This bag expands rapidly for a few seconds
as cytosol ﬂows into it. Actin and actin-binding proteins construct a new extension
to the cytoskeleton. This stabilizes the bleb and can already be enough to anchor the
bleb by steric interaction with the surrounding. If amoebae use adhesions to hold
on to the substrate these are generally weak, and would form at this time. Finally
the myosin II motors contract the cytoskeleton again, this moves the rest of the cell
along and a new cycle starts [van Haastert and Hotchin, 2011; Paňková et al., 2010].
Gliding motion, in contrast, is a smoother type of motion. Mesenchymal cells
like ﬁbroblasts are a typical example for this type of motion, therefore it is also
referred to as mesenchymal motion. However it is also used by other cell types like
neuronal growth cones or ﬁsh keratocytes. It can be split into four components.
First the cell extends its leading edge, then the extension anchors itself ﬁrmly to
the substrate, the cell body moves forward and ﬁnally adhesions in the back are
removed (see ﬁg. 2.1). All four processes may be occurring at the same time and in a
continuous fashion. The leading edge is advancing constantly while new adhesions
form all the time close to the leading edge. The cell body follows more or less
smoothly.
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1 2 3 4 5
Figure 2.1: Sketch of gliding cell motility
1: The cell before it moves, 2: the leading edge extends, 3: a new adhesion is
formed, 4: the cell body moves forward, 5: the trailing adhesion is removed,
the cell returns to state 1.
In gliding motility the extension of the leading edge is not caused by hydro-
dynamic pressure pushing the plasma membrane outward. On the contrary actin
ﬁlaments drive the membrane forward. The actin ﬁlaments at the leading edge are
organized in a thin sheetlike network parallel to the substrate, the lamellipodium.
The plasma membrane encloses this network relatively tight. The exact position of
the plasma membrane is deﬁned by the tension in the membrane, and the energy
stored in the ﬁlaments bent by the membrane.
The membrane and the individual ﬁlaments ﬂuctuate thermally. If the distance
between ﬁlament and membrane is large enough a monomer can attach to the ﬁl-
ament. The now longer ﬁlament will push a little harder against the membrane,
pushing it forward into a new equilibrium position, ﬁgure 2.2 illustrates this. Peskin
Figure 2.2: Working principle of a polymerization based brownian ratchet
A) The membrane ﬂuctuates away from the ﬁlament end far enough for a
monomer to attach to the ﬁlament end. The ﬁlament cannot ﬂuctuate back.
B) The ﬁlament ﬂuctuates and bends away from the membrane. A monomer
can attach when the ﬁlament is bent, the now longer ﬁlament pushed the mem-
brane forwards. Image taken from [Theriot, 2000]. In a cell both will happen
at the same time.
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et al. [1993], who was one of the ﬁrst to model the actin polymerization dynamics,
coined the term Brownian ratchet to describe this mechanism. Listeria is a parasitic
bacterium that hijacks the actin cytoskelton of its host cell to move around. Peskin
et al. [1993] modeled how the bacterium is pushed around by actin. Mogilner and
Oster [1996] expanded the model to explain how a cell can use a Brownian ratchet
to advance its leading edge.
To increase the eﬀectiveness of the ratchet the actin ﬁlaments are not grow-
ing perpendicular to the plasma membrane. Svitkina et al. [1997] (see ﬁgure 2.3)
could measure that actin ﬁlaments are growing under an angle of 35° to the nor-
mal. Mullins et al. [1998] could show that the ARP2/3 complex serving as the start-
ing point for new ﬁlaments branching oﬀ existing ones gives rise to a very constant
Figure 2.3: Electron micrograph of the actin network of a keratocyte
a) Overview of the keratocyte, b) closeup as indicated in a), regions c) and d)
are indicated, c) heavily branched region at the leading edge, d) ﬁlamentous
network in the lamella, Image taken from [Svitkina et al., 1997].
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Figure 2.4: Sketch of the actin cycle
Actin monomers diﬀuse to the leading edge, here they are added to the barbed
end of actin ﬁlaments (5) thus pushing the plasma membrane outwards (6).
Newﬁlaments are branched oﬀ existing ones by theARP2/3 complex (4). Free
ﬁlament ends may get capped (7). As the network gets transported backwards
it will get severed and broken up into monomers again (9). The ADP on the
actin monomer is exchanged into ATP to power a new cycle(11). Image taken
from [Pollard and Borisy, 2003].
branching angle of 70°. Actin will preferentially bind to a ﬁlament in the state where
it binds an ATP1 molecule. In the ﬁlament the ATP is hydrolysed to ADP2. Free ﬁl-
ament ends can be capped by corresponding proteins. Eventually actin ﬁlaments get
severed by proteins like gelsolin, and ﬁnally depolymerized by ADF/coﬁlin. When
the actin ﬁlament is depolymerized the actin monomers exchange the ADP for a
fresh ATP with the help of proﬁlin. The monomers diﬀuse to the leading edge again
to bind to the next ﬁlament. Figure 2.4 illustrates this cycle.
The motion of Listeria monocytogenes has not only inspired theoreticians but
also experimentalists. Cameron et al. [1999] reproduced the motion of Listeria in
vitro. They coated a polystyrene bead with the ActA protein, that is normally found
on the surface of Listeria. These beads were put into an cytoplasmic extract from
1ATP = adenosine-5’-triphosphate
2ADP = adenosine diphosphate
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Xenopus laevis eggs supplemented with rhodamine labeled actin and ATP regener-
ators. This essay was reﬁned by Giardini et al. [2003] and Marcy et al. [2004] who
were able to measure the forces generated by actin polymerization against coated
beads.
5 µm
0 s 30 s 60 s 90 s
Figure 2.5: Bead motility assay
A bead (cyan) propelled by an actin tail. Inverted ﬂuorescence image of the
rhodamine labeled actin. Adopted from [Cameron et al., 1999].
2.1.2 Active polar gel model
Kruse, Jülicher, Joanny and Prost [2005; 2007] presented a model that explains glid-
ing motility using an active polar gel. This model originates in classical hydrody-
namics, and is similar to the hydrodynamic theory of nematic liquid crystals. The
cytoskeleton is modeled as a physical gel, which means that crosslinks are not per-
manent but have a short lifetime. As a consequence a physical gel is viscoelastic.
They modeled the whole lamellipodium and not only the force generation at the
leading edge. Their model assumed constant polymerization of actin at the leading
edge, constant depolymerization at the back and velocity dependent friction with the
substrate.
They added an active component to their model by including myosin contractil-
ity throughout the gel. They obtained a retrograde actin ﬂow that constantly slowed
down towards themiddle of the cell where it reversed direction, this now anterograde
ﬂow was fastest at the back of the cell. Their leading term in the cell velocity was
the depolymerization velocity, myosin contractility contiributed only with 10% of
the total velocity [Jülicher et al., 2007]. Zimmermann and Falcke [2013] expanded
this model by taking a closer look at the leading edge. They intruduced a semi-
ﬂexible region at the very leading edge and only further back where the crosslinker
density surpasses a critical value they treat the lamellipodium as an actin gel. With
this extension they successfully modeled the dynamic force – velocity relation of a
keratocyte lamellipodium stalled by a SFM cantilever [Zimmermann et al., 2012].
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2.1.3 Adhesion complexes and focal adhesions
In contrast to amoebae, mesenchymal cells keep a tight grip on their surrounding
even when they are moving. The connection to the extracellular matrix are adhesion
complexes and focal adhesions.
Vinculin
Ad
he
si
on
Co
m
pl
ex
Actin
Tensin
Talin
Integrin Integrin
Focal adheison
kinase
Paxilin
α-actinin
Actin
Vinculin
Tensin
Talin
IntegrinSrc
A B
Extracellular Matrix Extracellular Matrix
Cell Membrane
Figure 2.6: Structure of a adhesion complex and a focal adhesion
First an adhesion complex (A) is formed, this can mature into a focal adhe-
sion (B). Integrins bind to the extracellular matrix and provide binding sites
inside the cell for proteins like talin, paxilin, focal adhesion kinase, Src, vin-
culin and 𝛼-actinin. These provide in turn binding sites for actin ﬁlaments,
thus linking the cytoskeleton to the extracellular matrix. Image adapted from
http://www.reading.ac.uk/cellmigration/adhesion.htm.
Here integrins, which are transmembrane proteins, bind to the extracellular ma-
trix and provide binding sites for other proteins like talin, paxilin, vinculin and 𝛼-
actinin on the inside of the cell (see ﬁg. 2.6). These provide in turn binding sites
for actin ﬁlaments. This chain of proteins links the actin cytoskeleton to the ex-
tracellular matrix. Adhesion complexes are highly dynamic structures forming the
ﬁrst adhesions at the leading edge of a cell. If it is stabilized it matures into a focal
adhesion. When stress is applied to a focal adhesion by the actin ﬁlaments the fo-
cal adhesion can grow recruiting more integrins and associated proteins to the site
[Berrier and Yamada, 2007; Geiger et al., 2009]. The stress on the actin ﬁlaments is
often generated by myosin motors.
2.1.4 Myosin
Myosins aremolecularmotors that walk unidirectionally along actin ﬁlaments. Mem-
bers of the myosin II subfamily can be found in skeletal, cardiac and smooth muscle.
Moreover there are nonmuscle myosin II subtypes in alomst every cell. All mem-
bers of the myosin II family are composed of six protein chains, two identical heavy
14
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chains and two pairs of light chains. The diﬀerences between individual members
appear mostly in the heavy chain.
Figure 2.7: Sketch of myosin II
A) Single myosin, the two heads that bind to actin are on the left, followed by
the neck region with the light chains wrapped around, the long rodlike section
is next, the C-terminus is a short non-helical section. B) Several myosins have
formed a miniﬁlament aligning their rodlike tails. Image taken from [Conti
and Adelstein, 2008].
Despite possible diﬀerences the N-termial domain of the heavy chain always
forms a globular head with the actin binding site. This is followed by the neck region
that forms the lever arm for the power stroke, the C-terminal region is a coiled-coil.
The two heavy chains form a dimer as their coiled-coil tail regions align. The light
chains wrap around the neck region of the heavy chains. In smooth muscle and
nonmuscle myosin II phosphorylation of the light chains regulates the activity of the
motor [Conti and Adelstein, 2008]. Myosin II can form spindle shaped aggregates
by aligning their long tail regions. Together with anti-parallel actin ﬁlaments these
aggregates act as contractile elements, as the motors on the diﬀerent ends of the
spindle walk into opposite directions. Imagine amyosin ﬁlament with just onemotor
on each end. When the motors attach to an actin ﬁber the left motor walks to the
left and the right motor to the right. Or if the myosin ﬁlament is stationary the left
end pushes the actin to the right, and the right end pushes the actin to the left. In
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cell motility myosin motors elements are important as they can contract the actin
cytoskeleton.
2.1.5 Retrograde actin ﬂow
Retrograde transport of particles adhering to the dorsal surface was already known
in the 1970s [Abercrombie et al., 1970]. At this time the retrograde movement was
falsely attributed to the movement of the cell membrane. Only several years later
Wang [1985] showed the retrograde actin ﬂow in the lamellipodium of ﬁbroblasts
with local photobleaching of ﬂourescently labeled actin. Forscher and Smith [1988]
showed retrograde actin ﬂow for Aplysia neurons, Okabe and Hirokawa [1991] mea-
sured it in vertebrate neurons shortly afterwards. At the same timeKucik et al. [1990]
proved retrograde ﬂow in ﬁsh keratocytes.
Closely connected to the retrograde ﬂow is the clutch hypotheses formulated
by Lin et al. [1994]. They postulated a clutch mechanism for substrate adhesion.
Dynamic linking molecules between the F-actin network and the external matrix
allow to choose the strength of the adhesion. The resultingmodes of operation are an
unengaged clutch, where the actin network is not coupled to the extrenalmatrix, actin
ﬂow is high, while traction stresses are low, the cell will not extend its leading edge
further. A fully engaged clutch will transmit high stresses to the external matrix,
a) unengaged clutch
b) slipping clutch
c) engaged clutch
key:
Motor traction High ow
Low stress
Intermediate ow
Transient
linkages
Medium stress
ExtensionLow ow
Strengthening
High stress
F-actin Myosin Clutch proteins
Matrix or other cell
F-actin ow
Adhesion molecule
Stress at 
adhesion site
Figure 2.8: Clutch hypotheses
a) The actin network is not linked to the external matrix, actin ﬂow is high,
stress is low and the cell will not extend. b) The actin is linked transiently to
the exterior, this slows ﬂow down and transmits some stress to the exterior.
c) The actin is ﬁrmly linked to the matrix, actin ﬂow is low while stresses are
high, the cell extends its leading edge. Figure adapted from [Giannone et al.,
2009].
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while the actin ﬂow is low. In this mode the cell can easily extend. If the links
are transient a state in between the on- and oﬀ-state can be achieved. Some of the
force is transmitted to the external matrix, actin ﬂow will be intermediate. Several
proteins were indentifed to be involved in this mechanism [Giannone et al., 2009].
2.1.6 Force measurements on cells
The ﬁrst measurements on forces generated by single cells were performed in the
1970s [Canaday and Fay, 1976] on smooth muscle cells, measuring their contractile
forces. Studies investigating forces of single cells continuedwith the forces transmit-
ted to the substrate they sat on. Harris et al. [1980] placed ﬁbroblasts on soft sheets
of silicone rubber. As ﬁbroblasts produce high contractile forces they wrinkled this
substrate.
Figure 2.9: Keratocyte on wrinkling substrate
The winkles the silicone sheet are perpendicular to the force direction. The
blue arrows indicate points where large forces act on the substrate. Image
taken from [Burton et al., 1999]
Lee et al. [1994] did similar measurements with on keratocyte and was the ﬁrst
to visualizing their traction forces, a later similar measurment is shown in ﬁgure 2.9.
While it is no problem to tell the direction of the largest forces it is hard to get reli-
able force magnitudes. Dembo [1999] made the next step to get forces by replacing
the rubber sheet by an elastic hydrogel that was ﬁrmly attached to the substrate.
Using ﬂuorescent beads embedded in the gel as markers the displacement ﬁeld of
the gel surface could be measured. The calculations to get the force ﬁeld from the
displacement ﬁeld were rather time consuming at the time. Butler et al. [2002] pro-
posed a new algorithm that reduced calculation times drastically. Other groups have
shown methods to measure traction forces on microfabricated substrates like beds
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of mircopillars [Cai et al., 2006] but these substrates are signiﬁcantlty harder to pro-
duce without oﬀering better resoulution in space or force, nor allowing other optical
measurements to be performed in parallel.
Measuring traction forces in three dimensions would be more realistic for cells
like neurons or ﬁbroblasts. This suﬀers from the following additional problems.
The cells have to be embedded into the matrix, this prohibits the use of polyarcy-
lamide and PDMS as these are toxic in their unpolymerized state. Collagen can
be remodeled by ﬁbroblasts, and pore sizes are rather large such that the question
arises what does the cell really feel, a three dimensional matrix or just the individual
ﬁber it moves on? And can the matrix still be treated as homogeneous and isotropic
to calculate forces? Agarose is not toxic either, but the melting temperature has
to be considered, it needs to be liquid at temperatures that cells will survive and
already gelated at the incubation temperature of typically 37°C. Despite these prob-
lems Mierke et al. [2008] managed to measure traction forces in a three dimensional
environment.
Figure 2.10: 3D traction force measurement
A three dimensional traction force measurement using a MDA-MD-231 cell.
Image taken from [Mierke et al., 2008]
A ﬁrst measurement of the total force a keratocyte can drag its body with was
done by Oliver et al. [1995] who stalled keratocytes with a glass microneedle. Mea-
surements on the forward forces of the actin polymerizing at the leading edge were
not done until 2006. Prass et al. [2006] used a SFM-cantilever hung vertically in
front of a migrating keratocyte, the deﬂection of the cantilever was determined from
the camera image. Heinemann et al. [2011] later reﬁned this method by replacing
the cantilever by a pulled glass rod with a laser coupled in. The position of the laser
was detected with a four quadrant diode, this increased their force resolution to 10
pN. This method has the disadvantage that the free end of the cantilever or ﬁber has
to be brought very close to the substrate without actually touching it.
Brunner et al. [2006] developed almost at the same time the setup used in this
work. They used a SFM to detect the deﬂection of the cantilever, making use of
the capabilities of a SFM to measure very tiny forces. The use of the positioning
18
2.1. Cell motility
e f
Figure 2.11: Diﬀerent methods to stall keratocytes
a) – d) Measurement of the maximal force a keratocyte drags its cell body
along with. The force is measured by the deﬂection of a calibrated micronee-
dle. The images were taken at 0, 7.5, 14.5 and 15 minutes, taken from [Oliver
et al., 1995]. e) The method of Prass et al. [2006] a SFM-cantilever hangs ver-
tically in front of a keratocyte, the deﬂection is determined from the camera
images. f) The method of Brunner et al. [2006] the keratocyte twists the can-
tilever leading to a lateral deﬂection of the laser detected by the SFMs QPD,
image adapted from [Zimmermann et al., 2012].
mechanics provided by the AFM and the possibility to push the cantilever down on
the substrate improves handling. For a detailed description read section 3.1.2.
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2.1.7 Keratocytes as model system
Fish epidermal keratocytes have been used as a model system for cell motility since
the 1980s [Euteneuer and Schliwa, 1984; Singer and Kupfer, 1986]. While ﬁbrob-
lasts move like a random walker [Gail and Boone, 1970] often changing direction
completely after traveling only few cell diameters, keratocytes move highly persis-
tent. They travel distances of several hundred microns before they change direction
[Euteneuer and Schliwa, 1984]. With average velocities of 10 – 30 µm/min they are
among the fastest crawling cells to be found. Moreover, they are very uniform in
shape (see ﬁgure 2.12). They maintain their shape very well while moving. This
makes comparison between individual cells easy.
Figure 2.12: Phase contrast image of goldﬁsh keratocytes
2.2 The brain and neurons
The development of the vertebrate brain is a long and complicated process. It begins
early in the development of the embryo, when cells on the dorsal side of the ectoderm
start to form the neural plate. This neural plate then folds in and forms a hollow tube.
The anterior part of this neural tube develops into the brain, the rest develops into
the spinal cord. The cells in the anterior section start to proliferate rapidly. First
20
2.2. The brain and neurons
Figure 2.13: Human brain
Mid sagital section of a human brain imaged with a magnetic resonance to-
mography. Important regions in the brain are outlined and labeled. Image
taken from UCLA Interactive Neuroscience [Houser, 2002]
this gives rise to three seprate vesicles: one for the forebrain, the midbrain and the
hindbrain each. As these continue to grow more detailed and distinct regions of
the brain form (see ﬁgure 2.13). In proliferative zones precursor cells divide and
diﬀentiate into neurons and glial cells. Diﬀerentiated cells move from these zones
to their ﬁnal destination. Only after neurons have reached their ﬁnal position in
the brain they start to connect to other neurons, sensor or muscle cells Purves and
Lichtman [1985].
Neurons have a signiﬁcantly diﬀerent morphology than almost all other cells.
Most cells try to maintain a shape that is compact. In contrast, neurons need to
connect to other neurons over long distances. This leads to cells that have a compact
cell body from which, depending on neuron type, two or more neurites (axons as
well as dendrites) extend (see ﬁgure 2.13). These neurites are small in diameter but
easily extend milimeters and even more in the peripheral nervous system [Golgi,
1898].
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While the neurites are extending from the cell each neurite forms a growth cone
at its tip. This highly motile structure is responsible for the pathﬁnding as well as
the advancing of the whole neurite [Bray and Hollenbeck, 1988; Lowery and van
Vactor, 2009]. As the neurite travels through tissue it is constantly confronted with
obstacles. The mechanical properties, of both the growth cone and the obstacle, will
determine the fate of the growth cone and the neurite in such a case. If the growth
cone is strong and stiﬀ enough it may bypass the obstacle. If not it will retract and
try a diﬀerent route.
Figure 2.14: Fluorescence image of a neuron
Left: Fluorescent image of a neuron, Right: closeup of a neuronal growth
cone; Actin is stained in red, and microtubules are stained in green, form
[Koch, 2008]
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3.1 Scanning Force Microscopy
A scanning force microscope (SFM) directly probes the mechanical properties of a
sample with a small silicon leaf spring, the cantilever. Upon contact with the sample
the cantilever gets deﬂected. Typical deﬂections of the cantilever are in the range
of single to few hundreds of nanometers. This is far below optical resolution so the
deﬂection is detected indirectly using a laser beam reﬂected by the cantilever. Even
a minor change in the angle of the cantilever leads to a measurable deviation of the
beam path after a few cm. The beam reﬂected oﬀ a 200 µm long cantilever that is
deﬂected 10 nm deviates from its original position after 10 cm of ﬂight by 10 µm,
which is detectable with a four quadrant photo diode (QPD) see ﬁgures 3.1 and 3.2.
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Figure 3.1: Sketch of a Scanning Force Microscope
The detection laser (red) is reﬂected by the cantilever (green) to the four quad-
rant photo diode (QPD). The cantilever can be moved along the Z-axis with
a piezoelectric actuator, and the whole SFM scanning head, cantilever, laser
and QPD, can be moved in the XY-plane by another set of piezos.
Spatial resolution can go down to nanometers as the scan head, consisting of
laser, QPD and cantilever is scanned using piezoelectric actuators. Unsing cantilvers
with spring constants down to 10 mN/m deﬂections in the nanometer range translate
into pico-Newton forces.
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Figure 3.2: Cantilever in detail
In the left position the cantilever is straight, and the laser is deﬂected to one
end of the detector. As the cantilever moves on to the right position, it moves
up a step in the sample. After this it is bend and the laser is deﬂected to the
other end of the detector.
The tip of a cantilever is usually as sharp as possible, for the image is a convolu-
tion of the tip radius with the topology of the sample. A shaper tip allows to capture
ﬁner details in the sample. Normal cantilevers have tips with a radius of curvature of
around 20 nm. For my measurements this is much to sharp, such a tip would pierce
through the plasma membrane right into the cells I want to measure. In order to have
a larger interaction area, and a well deﬁned tip geometry I modiﬁed my cantilevers
by gluing polystyrene beads to the tip (see ﬁg. 3.5). I used beads with a diameter of
3 or 6 µm, giving nicely blunt tips of well deﬁned geometry.
Important for all force measurements is the precise knowledge of the sensitivity
of the QPD and the spring constant of the cantilever. The sensitivity of the QPD is
calibrated by taking a force distance curve on a hard substrate as glass. The slope of
this curves allows to convert the signal from the QPD into a deﬂection of the free end
of the cantilever. The easiest way to measure the spring constant of the cantilever
is the thermal noise method [Butt and Jaschke, 1995]. This method assumes that
the thermal energy of a cantilever is equally distributed over all possible oscillation
modes.
1
2𝑘⟨𝑧
2⟩ = 12𝑘𝐵𝑇 (3.1)
This equation is not entirely correct, as it neglects that the cantilever is mounted
under an angle 𝜃. Furthermore the cantilever is not a perfect oscillator and what is
measured is not directly the deﬂection but the deﬂection angle. Considering these
three points the formula for the spring constant is
𝑘 = 𝑎𝑖
𝑘𝐵𝑇
⟨𝑧2𝑖 ⟩
cos2(𝜃) (3.2)
Where 𝑎𝑖 is a correction factor speciﬁc for the used mode, with 𝑎1 = 0.817 and
𝑎2 = 0.251, and 𝑧𝑖 is the virtual deﬂection that is caused by the i-th oscillation mode.
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Higher modes are rarely used as the deﬂection amplitude decreases proportional
to the fourth power. The precision of this measurement is acceptable, the error is
between 5 – 10 % [Kim et al., 2010].
3.1.1 Cell elasticity measurements
The ability to measure forces with a SFM allows to measure local elasticities of cells
or other small things. As the cantilever is pushed slowly down into the sample, the
force on the cantilever and the cantilever position are recorded in a force – distance
curve. As long as the cantilever approaches the cell from above, the force is zero.
Once in contact the force rises with increasing indentation. It can be described, in
the simplest case, with the Hertz-model.
𝐹 = 43෋𝑅𝑡𝑖𝑝
𝐸
1 − 𝜈2 𝛿
3
2 (3.3)
Here𝑅𝑡𝑖𝑝 is the radius of the tip, or inmy case the radius of the bead on the tip, E is the
Young’smodulus, 𝜈 is Poisson’s ratio, and 𝛿 is the indentation. The indentation is the
movement of the z-scanner minus the deﬂection of the cantilever. This simple model
is only valid for inﬁnitely thick samples, isotropic materials, parabolic indenter, and
indentations that are small compared to 𝑅𝑡𝑖𝑝. The assumption of an inﬁnitely thick
sample is obviously wrong for single cells. The cantilever will feel the hard substrate
through the cell leading to an overestimation of the true elasticity. To correct for this
a number of expansions of the Hertz-model have been proposed. Four of these I will
present in the following.
The Chen-model: The Chen-model assumes a thin elastic layer rigidly bonded
to a stiﬀ substrate. It corrects the value from the Hertz-model by a factor 𝛼𝐶ℎ𝑒𝑛 that
depends on the indentation 𝛿, the tip radius 𝑅𝑡𝑖𝑝, the height of the layer ℎ and its
Poisson’s ratio 𝜈. The values calculated by Mahaﬀy et al. [2004] were available as
lookup tables. The disadvantage of this model is that the lookup tables are incom-
patible with standard ﬁtting algorithms.
𝐸𝐶ℎ𝑒𝑛 = 𝛼𝐶ℎ𝑒𝑛ว
𝛿𝑅𝑡𝑖𝑝
ℎ2 , 𝜈ศ𝐸𝐻𝑒𝑟𝑡𝑧 (3.4)
The Tu-model: The Tu-model assumes a non-adhered thin elastic layer on a stiﬀ
substrate. This model uses another lookup table from Mahaﬀy et al. [2004]. Again
this hinders the use of ﬁtting routines.
𝐸𝑇𝑢 = 𝛼𝑇𝑢ว
𝛿𝑅𝑡𝑖𝑝
ℎ2 ศ𝐸𝐻𝑒𝑟𝑡𝑧 (3.5)
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Figure 3.3: Force – distance and K – indentation curve
A: Recorded force – distance curve and reconstructed force – distance curves
using the average K-value calculated in B. black: force distance curve, green:
Hertz-model, red: Chen-model (𝜈 = 0.5). B: Compression modulus K calcu-
lated from the force – distance curve, using the Hertz-model and the Chen-
model. The value for the Hertz-model diverges with increasing indentation,
while the Chen-model gives a constant value.
The Dimitriadis-model: The Dimitriadis model [Dimitriadis et al., 2002] ex-
pands the Hertz-model by 4 orders.
𝐹 = 4𝐸3(1 − 𝜈2)𝑅
1
2
𝑡𝑖𝑝𝛿
3
2 ×
๙
1 − 2𝛼0𝜋 𝜒 +
4𝛼20
𝜋2 𝜒
2 − 8𝜋3 (𝛼
3
0 +
4𝜋2
15 𝛽0)𝜒
3 + 16𝛼0𝜋4 (𝛼
3
0 +
3𝜋2
5 𝛽0)𝜒
4
๚
(3.6)
𝜒 = √
𝑅𝑡𝑖𝑝𝛿
ℎ (3.7)
𝛼0 = −
1.2876 − 1.4678𝜈 + 1.3442𝜈2
1 − 𝜈 (3.8)
𝛽0 =
0.6387 − 1.0277𝜈 + 1.5164𝜈2
1 − 𝜈 (3.9)
Equation 3.6 is somewhat lengthy, but standard ﬁtting algorithms can be used
to ﬁnd the best ﬁt. It should not be used if the thickness of the cell is less than one
tenth of the indenter radius.
The Chadwick-model: This model is for very thin cells under a large bead
[Chadwick, 2002]. It uses a rather simple formula and is easy to ﬁt.
𝐹 = 2𝜋3 𝐸𝑅
1
2
𝑡𝑖𝑝𝛿
3
2𝜒3 (3.10)
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3.1.2 Forward force measurements
It is not only possible to measure forces perpendicular to the surface of the substrate,
but also forces that are parallel to the substrate and perpendicular to the long axis of
a rectangular cantilever. As the deﬂection of the laser is detected with a 4 quadrant
photo diode, it is not only possible to detect a vertical deﬂection but also a lateral one.
If the cantilever is twisted the laser will be deﬂected to the side. The vertical and
the torsional spring constant are related trough the material constants and geometry
of the cantilever. It is possible to calculate the torsional spring constant from the
vertical spring constant [Brunner et al., 2006].
Figure 3.4: Illustration of a forward force measurement
The cantilever with an attached bead is positioned in the path of a growing
neurite. The neurite grows on and pushes against the bead. The resulting
torque causes a torsion of the cantilever
The vertical deﬂection angle 𝜃 can be calculated for a given deﬂection 𝑥𝑧 and
the length of the cantilever 𝐿 as follows:
𝑥𝑧
𝐿 = tan(𝜃)
≈ 𝜃,with 𝑥𝑧 ≪ 𝐿
(3.11)
The angular sensitivity 𝜎𝜙 then relates to the vertical sensitivity 𝜎𝑧 as follows
𝜎𝜙 =
𝜎𝑧
𝐿 . (3.12)
As the QPD is symmetric along the X- and Y-direction, the angular sensitivity cal-
culated from the vertical sensitivity can be used for the torsional angles as well, so
𝜎𝜏 = 𝜎𝜙.
The torsional spring constant 𝑘𝜏 is related to the vertical spring constant 𝑘𝑧. Us-
ing the equations for the rigidity based on the Young’s modulus 𝐸, for the torsional
rigidity based on the shear modulus 𝐺 and the relation between 𝐺 and 𝐸.
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Figure 3.5: Image of a modiﬁed SFM cantilever
A 6 µm polystyrene bead was glued to the tip of a SFM-cantilever. The length
L and tip height ltip used to calculate forward forces are indicated.
𝐸𝑑3 = 𝑘𝑧
4𝐿3
𝑏
𝐺𝑑3 = 𝑘𝜏
3𝐿
𝑏
𝐺 = 𝐸3(1 + 𝜈)
(3.13)
where d is the thickness, b the width and 𝜈 is the Poisson ratio of the cantilever,
typically 𝜈 = 0.25 for single crystal silicon cantilevers. The torsional spring constant
𝑘𝜏 then calculates as
𝑘𝜏 = 𝑘𝑧
2𝐿2
3(1 + 𝜈). (3.14)
Combined with the lever arm 𝑙𝑡𝑖𝑝 the formula to convert lateral deﬂections into
forces acting laterally on the cantilever is as follows:
𝐹𝑙𝑎𝑡 = 𝜎𝜏𝑘𝜏
Δ𝑈𝑙𝑎𝑡
𝑙𝑡𝑖𝑝
(3.15)
If now the cantilever is placed in the path of a motile cell such that the long
axis of the cantilever is perpendicular to the path it is possible to measure forward
directed forces generated by the cell. To compare these forces to other physical
properties of the cell it is useful not only to have the absolute forces, as these depend
on the interaction area, but forward force per area. To calculate the interaction area
the geometry of the obstacle is important. I glued polystyrene beads to the tip of
the cantilever for two reasons, ﬁrst to increase the interaction area, and to have a
well deﬁned obstacle geometry. The beads usually deviate very little from perfect
spheres. The interaction area is then the front half of the spherical cap with the
height of the leading edge of the cell.
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Figure 3.6: Eﬀective interaction cross section of the bead
The cell moves from back to front, the contact area with the bead is indicated
in green, the perpendicular cross section in red.
𝐴 =
𝑅2𝑏𝑒𝑎𝑑
2 (𝛼 − sin(𝛼))
𝛼 = 2 arccosว
𝑅𝑏𝑒𝑎𝑑 − ℎ
𝑅𝑏𝑒𝑎𝑑 ศ
(3.16)
The cell exerts a force on the bead that is directed perpendicular to the cell-bead
interface. This force 𝐹𝑡𝑜𝑡𝑎𝑙 can be split into a component parallel to the substrate,
𝐹𝑓𝑜𝑟𝑤𝑎𝑟𝑑 , and one perpendicular to it, 𝐹𝑢𝑝 (see ﬁg. 3.7).
The force 𝐹𝑢𝑝 is counteracted by the preset force, with which the cantilever is
pressed to the substrate. Equation 3.17 shows that the force per area is the same for
all forces.
Figure 3.7: Force diagram at the bead
The total force at the cell-bead interface can be split into a horizontal 𝐹𝑓𝑜𝑟𝑤𝑎𝑟𝑑
and a vertical force 𝐹𝑢𝑝. Relating the forces to the cross sections perpendicular
to the force shows that the force per area is the same for all three (see eq. 3.17).
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cos(𝛼) =
𝐹𝑓𝑜𝑟𝑤𝑎𝑟𝑑
𝐹𝑡𝑜𝑡𝑎𝑙
cos(𝛼) = 𝑏𝑐
𝐹𝑡𝑜𝑡𝑎𝑙
𝑐 =
𝐹𝑓𝑜𝑟𝑤𝑎𝑟𝑑
𝑏 =
𝐹𝑢𝑝
𝑎
(3.17)
3.1.3 Drift stabilized microscope setup
Neuronal growth cones need constant 37°C to show normal growth behavior. This is
well above room temperature, therefore heating is necessary. But even with a feed-
back controlled heating device the temperature is only stable to a certain point. The
small deviations in the temperature cause the substrate to move when it expands or
shrinks. The observed drifts can easily be in the same order as the features one wants
to observe. Further stabilization is therefore a prerequisite for successful measure-
ments. To ensure full functionality of the SFM for other users, the stabilization setup
must not hinder normal functionality of the SFM when stabilization is not used.
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Figure 3.8: Photo of drift stabilization setup
1: 1:1 telescope, 2: Fiber coil for linear polarization, 3: Laser, 4: Collimator,
5: 𝜆/4-plate, 6: Pair of galvo scanning mirrors, 7: Polarizing beam splitter,
8: Position sensitive diode, 9: Bandpass ﬁlter, 10: another mirror outside im-
age area
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Our SFM, a JPK Nanowizard I, is mounted on an inverted microscope. The
sample can be positioned coarsely with micrometer screws. The ﬁne positioning
and scanning is done completely in the scan head. The controller oﬀers connectors
to read out all position steering signals as well as connectors to feed in signals that
supersede the steering signals from the manufacturers software. This interface oﬀers
the possibility to feed the SFMwith corrected position signals, that will not eliminate
the drift in the sample but will move the cantilever along with the drift.
The SFM scan head is quite bulky and eﬀectively hinders all mechanical access
to the sample. Tracking the movement of the sample with a camera would be slow
but possible in the XY-plane but the Z-axis is problematic. Therefore I decided
against a camera based solution. The Perkins lab showed the stabilization of an SFM
to a fraction of a nanometer with the help of two optical traps tracking the substrate
and the cantilever [Carter et al., 2007; King et al., 2009]. I copied this setup and
incorporated an optical trap into my setup to track the motion of my setup. The big
advances of an optical trap are, it works without additional mechanical access to the
sample, it captures the motion of the substrate in three dimensions, it does this very
close to the cell that is under observation, it is fast and precise.
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Figure 3.9: Sketch of the stabilization setup
1: The sample with the marker bead (red) and a cell (blue) approaching the
SFM cantilever; 2: Microscope objective; 3: Dichroic mirror to couple in the
position detection laser; 4: 𝜆/4-plate; 5: Galvo scanning mirror; 6: High power
LED with slit aperture; 7: 90:10 Mirror to couple in LED light; 8: Polarizing
beam splitter; 9: Band pass ﬁlter; PSD: position sensitive detector;
The laser is linear s-polarized along the solid, p-polarized along the dashed
line, and circular polarized along the dotted line.
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With the information about the motion of the substrate I can move the cantilever
in the same direction, such that the position of the cantilever with respect to the
substrate remains unchanged. The SFM scan head is rather bulky and inside are
some optical components that are necessary for the SFM that disturb the light path.
Thus using the forward scattered light is no option. But a fraction of the light will
be scattered back along the path of the incoming light [Huisstede et al., 2005]. If the
incoming laser and the backscattered signal can be separated from each other, one
can use the backscattered signal for position detection, too. Figure 3.9 shows how
such a setupworks in principle, and ﬁgure 3.8 is a photograph ofmy implementation.
The light from the laser is linearly polarized ﬁrst. Next it is transformed into circular
polarized light with a 𝜆/4-plate. The laser is then coupled into the microscope via
a dichroic mirror and focused onto the sample by the microscope objective. When
a bead is in the focus of the laser it will scatter a fraction of the laser light back
into the objective. The dichroic mirror sends the light back to the 𝜆/4-plate. When
the backscattered light travels through this plate it is transformed back into linearly
polarized light again, but now the polarization is perpendicular to the original one.
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Figure 3.10: Trap calibration curve
Response of the position sensitive detector when a bead is moved through the
focus of the laser in 20 nm steps along each of the 3 dimensions. Movements
along the X- or Y-axis result in a position signal, movement along the Z-axis
change the sum signal. Blue: X-Signal when the bead is moved along the X-
axis; Black: Y-Signal when the bead is moved along the Y-axis; Red: Sum-
Signal when the bead is moved along the Z-axis;
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A polarizing beam splitter can now separate the two beams. The position signal can
be read with a four quadrant diode or a lateral eﬀect diode. A scanning mirror allows
to position the laser spot freely in the ﬁeld of view and a bandpass ﬁlter removes any
stray light [Carter et al., 2007; King et al., 2009; Fuhs et al., 2013].
The position of the beam on the detector depends on the X- and Y-position of the
bead in the trap, while the amount of light that is incident on the detector varies with
the distance of the bead to the focal plane of the laser along the Z-axis. To calibrate
the trap a bead was scanned through the trap with the help of a 3d-piezo stage, see
ﬁgure 3.10 for the response curves of the detector. To test the stabilization I prepared
a sample with just beads attached. I put the cantilever in constant force mode and
measured the distance to the substrate and the height streering signal from the man-
ufactures software with and without stabilization. The result is shown in ﬁgure 3.11.
In the reference frame of the SFM the subtrate drifted constantly downwards. In the
ﬁrst hour the stabilization was active, the steering signal from the controller varied
about 50 nm. The correction signal corresponded to a total drift of 750 nm during
this time. As soon as the stabilization was switched oﬀ the steering signal followed
the drift of the substrate. This huge drift was the reason why slow moving cells that
require 37°C were not measurable before.
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Figure 3.11: Stabilization test curve
The SFM was in constant force mode. The measured height signal (red), the
height steering signal (blue), and height correction signal (black). Reference
frame is the SFM scan head, if the steering signal is constant the substrate is
not moving with respect to the cantilever. Stabilization was turned oﬀ after
1 hour.
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In an actual measurement beads were ﬁxed to the substrate prior to seeding cells.
One bead close to the cell under observation was chosen and the optical trap was
centered on this bead. The position of the bead was monitored. When the substrate
moved the bead moved along, changing its position in the trap. This change was
recorded by a computer and a corrected position signal was calculated for the SFM-
cantilever and directly fed into the SFM controller overriding the steering signal of
the manufacturer’s software.
3.1.4 Interference reﬂection microscopy
A change in the refractive index causes reﬂections. The reﬂection coeﬃcient 𝑟12 can
be calculated from the two refractive indexes as follows
𝑟12 =
𝑛1 − 𝑛2
𝑛1 + 𝑛2
(3.18)
and the resulting reﬂectivity 𝑅 is
𝑅 = 𝐼𝑟𝐼𝑖
= ว
𝑛1 − 𝑛2
𝑛1 + 𝑛2ศ
2
= 𝑟212. (3.19)
n = 1.33
n = 1.5
n = 1.37
Figure 3.12: Interference reﬂection microscopy
The light hits the sample under an angle and is reﬂected at diﬀerent interfaces.
The diﬀerent refractive indexes of water and cell result in diﬀerent reﬂectivity.
Water has a lower refractive index thus cell free areas reﬂect more light than
areas where cells attach to the glass. When the cell is close to the substrate
but not in contact the light will be reﬂected twice ﬁrst by the glass – water and
then by the water – cell interface, and the two reﬂections interfere.
A cell on a glass substrate gives three diﬀerent interfaces, glass-to-cell where
the cell is adhered, glass-to-water where the cell is not adhered or where no cell
is, and water-to-cell where the cell is close to the substrate but not adhered (see
ﬁgure 3.12). Typical values for the refractive indexes are 𝑛𝑔𝑙𝑎𝑠𝑠 = 1.5, 𝑛𝑐𝑒𝑙𝑙 = 1.37
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and 𝑛𝑤𝑎𝑡𝑒𝑟 = 1.34. Areas where cells attach to the glass will appear darker as cell free
areas, as the refractive index of the cytosol is higher than that of water. Areas under
a cell where the cell is not attached to the substrate appear brighter than areas where
the cell is attached to the substrate as the light reﬂected from the glass – water and
the water – cell interface interferes constructively. Contrast and brightness of the
image are chosen such that areas without cells appear light gray and cell adhesions
are dark, see ﬁgure 3.13 for an example.
The use of objectives with a high NA eﬀectively suppresses reﬂections from in-
terfaces that are far from the substrate [Gingell and Todd, 1979; Verschueren, 1985].
The SFM cantilever is a fairly good mirror, light reﬂected from the cantilever would
outshine all other reﬂections. Reducing the light source to a small spot of light that is
incident under a large angle it is possible to illuminate the cell without illuminating
the cantilever. When the light is correctly set up it is possible to see the footprint of
the cell in the area that is shadowed by the cantilever in transmission illumination
without any ﬂuorescent dyes. The bead on the cantilever will of course be clearly
visible as it is near the cell on the glass substrate.
Figure 3.13: IRM image of a keratocyte
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3.2 Cell motility measurements
3.2.1 Cell velocity measurements
One of the most basic parameters of cell motility is speed. It is relatively easy to
measure and can give a ﬁrst characterization of a motile cell. The cell’s velocity can
be extracted from a time lapse image series of the moving cell.
A
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Figure 3.14: Shape detection algorithm for phase contrast images
A: The original phase contrast image, B: Edges detected by the ”Canny” edge
algorithm, C: Lines are blown up to close small gaps, D: Areas within closed
lines are ﬁlled, E: the largest shape is selected and smoothed, F: Overlay with
the original image
Image series were acquired on an inverted microscope (DM IRB, Leica, Ger-
many) equipped with high magniﬁcation oil-immersion objectives (63x or 100x).
As cells are rather transparent, but have a refractive index diﬀerent from water, they
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were imaged using phase contrast microscopy. As this technique images the diﬀer-
ence in the optical path and not the absorption in the ﬁeld of view.
The shape of the cell was extracted from the images with a custom written
MATLAB-program. The actual edge detection was done by the built in MATLAB
function edge, which is an implementation of the edge detection algorithm proposed
by Canny [1986]. It calculates the local maxima of the gradients in the image using
the derivative of a Gaussian. It then uses two thresholds to determine which pixels
belong to an edge. Pixels where the gradient is above the high threshold are directly
accepted as edge points. Pixels with a gradient between the high and the low thresh-
old are counted as edge points only if they are connected to an edge. This gives a
robust detection which can detect weak edges without being overly fooled by noise.
The remaining gaps in the edge were closed by dilation of the edge points, sub-
sequent erosion reduces the shape to the original size. Closed shapes were ﬁlled and
the largest shape was selected and gently smoothed. Figure 3.14 shows the steps
from the phase contrast image to the shape of the cell in the image.
The speed of the cell can then be deﬁned either as the evolution of the center
of area or the velocity of the central part of the leading edge. The center of area is
easier to calculate. But when the cell changes its shape the center of area will move
even though the cell may not be advancing.
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Figure 3.15: Subpixel edge detection
Left: Inverted phase contrast image of a keratocyte, a spline ﬁt (yellow) to
the rough edge is used to calculate the local normal to the edge. Along this
normal a line proﬁle is taken (red). Right: Red: The intensity along the line
proﬁle, Green: derivative of the intensity. Black: Gauss ﬁt to the peak in the
derivative.
To increase the precision in the position of the edge I took a line proﬁle normal to
the edge. From this proﬁle I calculated the derivative and ﬁtted a simple Gaussian.
Themaximum position of the Gaussian is the position of maximal slope. This can be
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calculated with subpixel precision. To obtain a velocity I needed to ﬁnd the precise
edge position in the next frame. The line proﬁle in the second frame was taken at
the same pixel positions as in the ﬁrst frame. The edge was determined as in the ﬁrst
frame. The diﬀerence in position of these two edge positions divided by the time
per frame gives the edge velocity [Knorr et al., 2011].
3.2.2 Retrograde ﬂow detection
The retrograde ﬂow of the actin network in the lamellipodium is another parameter
of interest. The actin network can either be visualized by transfection with GFP-
actin or simply by density variations that will show as bright or dark areas in phase
contrast images. These features can be tracked from frame to frame using 2D cross
correlation. The ﬂow is the movement of the features in between two consecutive
frames.
A B
C D E
Figure 3.16: Sketch of ﬂow detection algorithm
A: The ﬁrst frame, B: The second frame C: Selected region of the ﬁrst frame,
D: The region is scanned over the second frame. At the yellow position the
cross correlation coeﬃcient would be low, as only 1 symbol is matched, at
the blue position the cross correlation coeﬃcient would be fairly high as 3 of
4 symbols match, the red position will yield the highest coeﬃcient as this is
a perfect match. E: The vector from the original position to the position of
highest correlation is the ﬂow for this area.
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The ﬁrst frame is split into small rectangles, one by one the position of each rect-
angle is searched in the second frame. The rectangle is scanned over an area of the
second frame and for each position a 2D cross correlation coeﬃcient is calculated.
The calculation is done by MATLABs normxcorr2 function using the following for-
mula from Lewis [1995].
𝑐(𝑢, 𝑣) =
∑𝑥,𝑦 ෺𝑓(𝑥, 𝑦) − 𝑓𝑢,𝑣෻ බ𝑡(𝑥 − 𝑢, 𝑦 − 𝑣) − 𝑡භ
෺∑𝑥,𝑦 ෺𝑓(𝑥, 𝑦) − 𝑓𝑢,𝑣෻
2
∑𝑥,𝑦 බ𝑡(𝑥 − 𝑢, 𝑦 − 𝑣) − 𝑡භ
2
෻
0.5 (3.20)
Here 𝑓 is the second frame, 𝑡 is the small region from the ﬁrst frame, 𝑓𝑢,𝑣 is the mean
of 𝑓 in the region under 𝑡, (𝑢, 𝑣) is the shift of 𝑡. The shift that yields the highest
value gives the most likely movement of the area from the ﬁrst to the second frame.
To lower the calculation time needed, and to avoid false detections the search area
in the second frame is limited to a small region around the position of the rectangle
in the ﬁrst frame. A detection is considered successful if the correlation coeﬃcient
is above a threshold level. Areas with a low spread in intensity, that is areas with no
distinct features, are ﬁltered out, as these can yield false results with high correlation
values.
This algorithm proved very versatile. I used it to track the motion of cell in two
dimensional cell sheets. This did not allow to track the motion of speciﬁc cells which
A
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200 µm
Figure 3.17: Collective cell motion
A: Phase contrast image of a small monolayer of cells. B: The samemonolayer
9 hours later, cells have proliferated and mirgrated. C: Map of the velocity
ﬁeld at 9 hours, the ring of outward migrating cells is nicely visible.
39
3. Materials and Methods
would have required the use of a marker that visualizes the border of a cell or labels
the cell nucleus. Still, it captured the motion of the cell sheet, see ﬁgure 3.17. The
size of the areas that were used to detect the ﬂow contained typically less then ten,
down to single, cells. Thus local variations in the ﬂow were conserved.
3.3 Traction-force microscopy
If a cell wants to interact with its environment, the forces generated inside the cell
have to be transmitted to the surrounding. A method to measure the forces a cell ex-
erts on a 2D substrate is traction-force microscopy [Dembo, 1999]. Cells are seeded
on deformable substrates and the deformation of the substrate is recorded. Polyacry-
lamide hydrogels are tunable in a wide range of stiﬀnesses, from 10 Pa to 50 kPa.
At the same time their pore size is small compared to cells [Yeung et al., 2005].
Polymerized acrylamide is transparent, not toxic and can be functionalized with ex-
tracellular maxtrix proteins like collagen, ﬁbronectin or laminin. Once coated cells
are able to attach to the hydrogels. To track the deformations small ﬂuorescent beads
are embedded in the gel as markers.
A minimum of three images is needed for a traction force measurement, ﬁrst a
phase contrast image to see where the cell is, second a ﬂuorescence image of the
beads in the deformed gel, and ﬁnally a image of the beads in the relaxed gel after
the cell has moved on or was removed. The ﬂuorescence images are processed with a
2D-cross-correlation algorithm. It ﬁnds the deformations between the gels deformed
by the cell and the relaxed gels after removal of the cell. Figure 3.18 shows a NG108
cell on a hydrogel, the beads in the hydrogel, the corresponding deformation ﬁeld
and the calculated force ﬁeld.
Gel stiﬀness is chosen such that cell cause only small deformations as this allows
to use linear elasticity models. The gel is approximated as a homogeneous elastic
medium ﬁlling a half-space. For forces acting on this the equilibrium condition is
given by the equation
grad 𝑑𝑖𝑣 𝑢 + (1 − 2𝜈)Δ𝑢 = 0 (3.21)
where 𝑢 denotes the displacement. Since the forces exerted by the cells have a neg-
ligible z-component the solution reduces to
K(𝑟) = 𝐴𝑟3 ส
(1 − 𝜈)𝑟2 + 𝜈𝑥2 𝜈𝑥𝑦
𝜈𝑥𝑦 (1 − 𝜈)𝑟2 + 𝜈𝑦2 ห (3.22)
K is the Green’s function mapping the traction forces to the displacement of the
gel, 𝐴 = (1 + 𝜈)/𝜋𝐸 with 𝜈 being Poisson’s ratio and E is Young’s modulus.
In this experiment the is problem is the other way round. The displacements that
occur in the gel are known but the forces that cause them are not. Butler et al. [2002]
suggested a solution that is easy to implement, and needs no other parameters than
the material constants of the gel and the displacement ﬁeld.
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Figure 3.18: Traction force microscopy
A: Phase contrast image of the cell on the hydrogel, the outline is used in
panels B – D to indicate the cells position B: Image of the ﬂuorescent beads
embedded in the hydrogel, overlay of the deformed (green) and the relaxed
gel (red) C: Map of the deformations, D: Traction force calculated from the
deformation map. Colorscale maxium is 400 Pa.
The solution to the inverse Boussinesq problem found by Butler relies on the
fact, that the solution
𝑢(𝑟) = K⊗ 𝑇 (𝑟) (3.23)
to the forward problem with the traction ﬁeld 𝑇 (𝑟) is diagonal in Fourier space. It
uses the convolution theorem that states that the Fourier transform of a convolution
is the product of the two equations convoluted. Equation 3.23 then reads
̃𝑢(?⃗?) = K̃(?⃗?) ̃𝑇 (?⃗?) (3.24)
The inverse of K̃ is easy to compute and the solution to the inverse problem is then
simply
𝑇 = FT−12 (K̃
−1 ̃𝑢) (3.25)
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The speciﬁc K̃ for this solution is calculated to be
K̃(?⃗?) = 𝐴2𝜋𝑘3 ส
(1 − 𝜈)𝑘2 + 𝜈𝑘2𝑦 𝜈𝑘𝑦𝑥𝑘𝑦
𝜈𝑘𝑥𝑘𝑦 (1 − 𝜈)𝑘2 + 𝜈𝑘2𝑥 ห
(3.26)
In addition this approach allows to set the total force of the cell exerted onto the
substrate to zero by simply setting 𝑇 (0) = 0 as this zeroth order component would
be a net force for the whole system. And as long as all the deformations caused by
the cell are imaged and evaluated a net force has to be ruled out.
What this approach is not taking into account is that the forces have to originate
from within the cell boundary. What it does give is the distribution of forces that
are necessary to produce the given displacement ﬁeld, with forces allowed to act on
every point of this ﬁeld. Since the displacements do not end at the cell boundary
there will always be forces that are formally acting outside the cell boundary but are
clearly caused by the cell. Hence neglecting these forces will give a false impression.
3.3.1 Manipulation of the cytoskeleton
To diﬀerentiate the inﬂuence of the single components of the cytoskeleton on the cell
motility, I used diﬀerent drugs to selectively target the function of actin and myosin.
For all experiments, it is important that the cells reach a steady, yet altered, state after
the addition of the drugs. This ensures reproducibility and allows for experiments
that last longer than a few seconds. For the forward-force measurements under the
inﬂuence of drugs it was furthermore important that cell retained a minimal motility.
The polymerization of actin was blocked with Cytochalasin D. It attaches to
the growing end of actin ﬁlaments like a cap. Thus it prevents further grow of the
ﬁlament [Flanagan and Lin, 1980]. Jasplakinolide binds to actin ﬁlaments in a way
that reduces their depolymerization rate [Bubb et al., 1994].
Myosinmotorswere blockedwith 1-(5-Iodonaphthalene-1-sulfonyl)-1H-hexahydro-
1,4-diazepine hydrochloride, more commonly known asML-7, that inhibits the func-
tion of the myosin light chain kinase [Bain et al., 2003]. Blebbistatin (1-Phenyl-
1,2,3,4-tetrahydro-4-hydroxypyrrolo[2.3-b]-7-methylquinolin-4-one) blocks theAT-
Pase activity of myosin [Ramamurthy et al., 2004].
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Figure 3.19: Chemical formula of used drugs
A: Cytochalasin D, B: Blebbistatin, C: ML-7, D: Jasplakinolide, E: Sodium
deoxycholate, Images taken from www.Sigmaaldrich.com
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3.4 Cells
3.4.1 Neurons
I used the NG108-15 cell line as a model for neuronal cell. The NG108-15 cell
line was developed in 1971 by Bernd Hamprecht. The line was formed by fusing
mouse N18TG2 neuroblastoma cells with rat C6-BU-1 glioma cells in the presence
of inactivated Sendai virus [Hamprecht et al., 1985]. In culture this cell line produces
cells with long neurites that show growth behavior similar to primary neurons[Knorr
et al., 2011]. As my experiments focused on the outgrowth phase of neurites it is not
important to which degree such a cell line is able to form fully functional synapses.
The NG108-15 cells were therefore a good system for the ﬁrst round of experiments.
Cells were cultured in 90% DMEM + 10% CS + PS. We seeded the cells with
low density to experimental dishes 2 – 5 days prior to the experiment. Also the
serum content was reduced to promote neurite outgrowth (97,5% DMEM + 2,5%
CS + PS). Cells were incubated under a 5% CO2 atmosphere at 37°C. Leibovitz L15
medium was used during AFM-measurements when it was not possible to maintain
a 5% CO2 atmosphere above the cell medium.
Figure 3.20: Phase contrast image of a NG108-15 cells
Although NG108-15 cells are a nice and robust cell line, the results obtained
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with cell lines are always to be handled with care, as there might be artifacts from
the process that transformed the cells into a cell line. Results obtained with primary
cells are therefore in general preferred. After I established the forward force mea-
surement with the NG108-15 cells I was able to repeat these measurements with pri-
mary mouse retinal ganglion cells (RGC) provided by professor Claudepierre from
the eye-hospital in Leipzig [Steinmetz et al., 2006; Claudepierre et al., 2008].
50 µm
Figure 3.21: Phase contrast image of a Retinal Ganglion Cell
Primary neurons were extracted by immunoisolation. Seven days old balb/c
mice from our animal facility were killed by decapitation according to institutional
guidelines, retinae were isolated and retinal ganglion cells (RGC) puriﬁed follow-
ing a protocol established previously [Claudepierre et al., 2008; Steinmetz et al.,
2006]. After puriﬁcation, 40.000 RGCs were plated on a glass coverslip coated
with laminin (Sigma) and merosin (Chemicon, Millipore, Billerica, MA). Neurons
were cultured for 1 – 3 days at 37°C, 5% CO2, 95% humidity in Neurobasal medium
(Gibco/Invitrogen, Karlsruhe, Germany) supplemented with (all from Sigma, ex-
cept where indicated) pyruvate (1 mM), glutamine (2 mM; Gibco/Invitrogen), N-
acetyl-L-cysteine (60 µg ml−1), putrescine (16 µg ml−1), selenite (40 ng ml−1),
bovine serum albumin (100 µg ml−1; fraction V, crystalline grade), streptomycin
(100 µg ml−1), penicillin (100 U ml−1), triiodothyronine (40 ng ml−1), holotransfer-
rin (100 µgml−1), dibutyryl cyclic AMP (250 µM), insulin (5 µgml−1), progesterone
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(62 ng ml−1), B27 (1:50, Gibco/Invitrogen), D-manose (50 µM), brain-derived neu-
rotrophic factor (BDNF; 25 ng ml−1; PeproTech, London, GB), ciliary neurotrophic
factor (CNTF; 10 ng ml−1; PeproTech) and forskolin (10 µM).
Both NG108-15 cells and RGCs need constant 37°C to show normal growth be-
havior. The SFM was therefore equipped with a custom built feedback controlled
Petri dish heater. And when high resolution measurements were done with oil im-
mersion objectives, the objective was heated, too.
3.4.2 Keratocytes
Goldﬁsh (carassius gibelio) epidermal keratocytes were obtained from fresh scales.
Scales were placed into medium ﬁlled Petri dishes with the outside up. After a
few hours the keratocytes started to crawl down from the scale as one big carpet.
Eventually single cells would escape from the carpet, or when enough cells migrated
down from the scale, the scale could be removed and the carpet could be broken up by
gentle trypsination. Single keratocytes assumed a typical shape shown in ﬁgure 3.22.
Keratocytes survived one week in culture.
10 µm
Figure 3.22: Phase contrast image of a keratocyte
Primary goldﬁsh epithelial keratocytes were cultured in Dulbecco’s modiﬁed
Eagle’s medium (DMEM, E15-810, PAA) supplemented with 20% fetal calf serum
(A15-043, PAA), 10mMHEPES (H4034, Sigma), and 100Uml-1 penicillin-strepto-
mycin (P0781, Sigma) in a custom built experimental dish, which consists of a Petri
dish with a 3 cm hole in the bottom and a 4 cm round glass cover slip (631-0177,
VWR International) glued to it. The cells were cultured at room temperature in a
5% CO2 atmosphere.
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Depolymerization Force
Miao et al. [2003]; Wolgemuth et al. [2005] and Zajac et al. [2008] investigated
the motility of nematode sperm. This motility is similar to the motility of other
crawling cells albeit nematode sperm does not produce any actin. But its major
sperm protein (MSP) behaves very similar to actin. The most striking observation
was the observation of contractile forces in the MSP network without the presence
of any motor protein.
They explained these contractile forces as consequence of depolymerization and
dynamic crosslinking of the MSP network. Deopolymerization can either sever ﬁl-
aments allowing more ﬂuctuations in the ﬁlaments, this reduces their eﬀective end-
to-end distance. Or two ﬁlaments are linked by a third, depolymerizing ﬁlament,
Depolymerization
Contraction
Crosslinker
Transverse
uctuations
Sever
Figure 4.1: Causes for depolymerization force
Depolymerization forces can be caused either by severing of ﬁlaments be-
tween two crosslinks, this allows the ﬁlaments to ﬂuctuate more, leading to a
decreased end-to-end distance. Or ﬁlaments can ﬂuctuate such that crosslinks
are formed between ﬁlaments that were linked via a third ﬁlament that de-
polymerized. Figure adapted from [Wolgemuth et al., 2005] and [Sun et al.,
2010].
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the crosslinkers repeatedly grab the depolymerizing ﬁlament again after their old
gripping point was depolymerized. In the end the middle ﬁlament is gone and two
ﬁlaments grab each other. Both possibilities are sketched in ﬁgure 4.1.
As I observed retrograde actin ﬂow in keratocytes after the inhibition of the
myosin motors, I checked whether the theory explaining the contractile forces in
nematode sperm was applicable in keratocytes as well. Can the retrograde force
further back in the lamellipodium be generated by inherently present depolymeriza-
tion of the actin cytoskeleton through a process similar to that in crawling nematode
sperm cells?
The calculation of depolymerization forces is based on four assumptions:
• The viscoelastic actin cytoskeleton can be treated as a viscous ﬂuid on time
scales relevant for cell migration [Rubinstein et al., 2009].
• Dynamic crosslinking produces an attractive polymer-polymer interaction be-
tween nearby actin ﬁlaments.
• The interaction between the polymer and the substrate can be described using
a viscous drag force; i.e., motion of the polymer with respect to the substrate
is resisted by a force that is proportional to the polymer velocity.
• In the cytoskeletal region that is sandwiched between the SFM probe and the
substrate, the ﬂuid velocity is negligible.
The total free energy of a solution of polymer ﬁlaments, that are attracted to one
another or can crosslink, is determined by the sum of the enthalpy and entropy. En-
thalpy is mostly due to the chemical energy stored in the attractive potential or the
crosslinks. Entropy is a measure of the randomness produced by thermal ﬂuctua-
tions. Writing the free energy in terms of the fraction of ﬁlaments per volume, 𝜙,
the magnitude of the stress 𝜎 is approximately equal to
𝜎 ≈
𝑘𝐵𝑇𝜙20
3𝑉𝑠
(𝜙0 − 𝜙)𝛿𝑖𝑗 , (4.1)
where 𝑘𝐵𝑇 is thermal energy, 𝜙0 is the preferred volume fraction of the polymer
solution, 𝑉𝑠 is the volume of a monomer, and 𝛿𝑖𝑗 is the Kronecker delta function.
Deviations from the preferred volume fraction produce a net pressure in the F-actin
that acts to drive the F-actin back to this preferred volume fraction. When 𝜙 ∼ 𝜙0,
the eﬀective stiﬀness of the F-actin network (or the hydrostatic compressibility) is
𝜎0 = 𝑘𝐵𝑇𝜙20/𝑉𝑠, which is approximately equal to 103 N/m
2.
Forces that are derived from this stress are balanced by viscous sliding of the
actin with respect to itself, movement of the actin through the cytosolic ﬂuid, and
by drag between the actin and the substrate. I assume that the substrate drag force
dominates and consider a one dimensional problem where the cell crawls in the X-
direction and the lamellipod has length 𝐿. The force due to polymer deformation
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(the gradient of the stress) is balanced by a viscous drag force due to sliding of the
actin against the substrate, 𝜁𝑣 = −𝜁0 , where 𝜁 is a drag coeﬃcient. There is also a
frictional drag coeﬃcient for sliding of the actin against the bead, 𝜂, that is assumed
to be small compared to 𝜁 . The actin depolymerizes via a ﬁrst order reaction with
rate 𝛾 . Therefore, the time evolution of the volume fraction is given by
𝜕𝜙
𝜕𝑡 = −
𝜕
𝜕𝑥(𝜙𝑣) − 𝛾𝜙. (4.2)
If the cell is crawling at a constant velocity 𝑉0, then the steady state solution in
the frame of the cell is given by
𝜕𝜙
𝜕𝑡 = −𝑉0
𝜕𝜙
𝜕𝑥 . (4.3)
The resulting equation is
𝜕
𝜕𝑥 ว𝜙
𝜕𝜙
𝜕𝑥ศ +
̃𝜁 ว
𝜕𝜙
𝜕𝑥 − 𝛾𝜙ศ = 0, (4.4)
where ̃𝜁 = 𝜁/𝜎0. Assuming a stress free boundary condition at the front and rear of
the cell, 𝜙(0) = 𝜙(𝐿) = 𝜙0, and that 𝜙0 = 0.05. If the force from depolymerization
is to pull the rear of the cell forward, then the velocity at the rear of the lamellipod
is equal to the crawling velocity. Therefore, 𝜕𝜙/𝜕𝑥|0 = − ̃𝜁𝑉0. This condition sets
the value of 𝛾 .
I solve Eq. 4.4 using MATLAB’s built in function bvp4c. The force per length
exerted on the SFM tip due to the actin ﬂow is then computed as −𝜂𝜕𝜙/𝜕𝑥/ ̃𝜁 . From
internal reﬂection microscopy images that are taken simultaneously with the SFM
data, it is possible to measure the crawling velocity and the length of time between
the collision of the bead with the leading edge and the subsequent impact with the
cell body. These two values determine the eﬀective length of the lamellipodium.
With these parameters set, there are two free parameters for ﬁtting the data, 𝜂 and ̃𝜁 .
For the solution of the 3D model the viscosity of the cytoskeleton, 𝜇, needs to
be considered. Therefore, the equations to solve are
−𝑉0 ⋅ ∇𝜙 = 𝜙0(∇ ⋅ 𝑣) − 𝛾𝜙
𝜁𝑣 = 𝜇2∇ ඳ∇𝑣 + (∇𝑣)
𝑇 ප − 𝜎0∇𝜙,
(4.5)
where𝑉0 is the steady crawling velocity and the superscript T denotes the transpose.
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5 Results
5.1 Keratocytes
I used keratocytes as a model system to investigate details of the actin-myosin ma-
chinery driving cell motility. Their fast and persistent migration and their uniform
shape allowed easy comparison between individual experiments. Table 5.1 at the
end of this section presents all experimental data for a quick overview.
5.1.1 Cell speed
Cell speed is maybe the most obvious parameter to characterize motility. It is readily
accessible with just an optical microscope. A population of cells moves with an av-
erage velocity. If I can change this velocity by application of a certain drug, then this
drug must have reacted with the mechanisms governing cell motion. Furthermore if
I know that a drug will inhibit the function of a protein, I can check if that protein
is relevant for motion. I simply add the drug and measure the speed of the cells. If
they are slower than without the drug, then the protein is involved in motility.
As I already know that actin and myosin are relevant for keratocyte motility, I
chose a range of drugs that target actin or myosin functions. Now, I can determine
drug concentrations that signiﬁcantly alter cell speed, as indication that the drug has
an eﬀect on the cell (see ﬁgure 5.2). Additionally motility serves as a viability indi-
cator. Using high drug concentrations can easily induce apoptosis, but if a cell still
moves it is not dead. The drug concentrations determined in these ﬁrst experiments
proved useful in the later force measurements as they require minimal motility of
the cells.
Actin and Myosin are interdependent, so a complete inhibition of either one
causes a breakdown of the whole system. Using low concentrations naturally cannot
lead to a clear black and white picture. I expect gradual changes that may be dose
dependent. Of course this leaves some ambiguity and more room for interpretation
than complete inhibition.
Keratocytes moved on average with 10 µm/min (± 3.7, n = 52) in control exper-
iments. Inhibition of the myosin motors with 750 nM ML-7 slowed the cells down
to 4.9 µm/min (± 3.7, n = 10, signiﬁcant). Similarly 100 µM Blebbistatin slowed
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500 nM ML-7
500 nM Blebbi
500 µM Blebbi30 nM Jasp
80 nM Cyto D
Control
Figure 5.1: Actin stain in drug treated keratocytes
Filamentous actin stained in keratocytes with TRITC-phalloidin. The cell
treated with Jasplakinolide could maintain form and stress ﬁbers. In the cells
treated with Cytochalasin D, ML-7 and a low dose of Blebbistatin stress ﬁbers
disappeared, the general cell shape was maintained but not as smooth. For a
high dose of Blebbistatin stress ﬁbers and the well deﬁned cell shape were
lost. Scalebars are 20 µm.
the cells down to 3.7 µm/min (± 1.5, n = 12, signiﬁcant). Targeting actin polymer-
ization I reduced cell speed to 2.8 µm/min (± 1.3, n = 29, signiﬁcant) with 80 nM
Cyotchalasin D. When stabilizing the actin ﬁlaments with 50 nM Jasplakinolide the
cells slowed down to 1.6 µm/min (± 1.3, n = 15, signiﬁcant). Statistical signiﬁcance
of the change in cell speed was tested with Student’s t-test. In contrast to this, soft-
ening the cell membrane with 400 µM deoxycholate did not inﬂuence cell speed, it
remained at 10.6 µm/min (± 3.4, n=10, not signiﬁcant). The speeds are plotted in
ﬁgure 5.2.
To visualize the impact of the drugs on the cytoskeleton I ﬁxated drug treated
cells and stained the actin ﬁlaments with TRITC-phalloidin. Figure 5.1 shows these
stains. Cells treated with Cytochalasin Dmaintained their shape, but lose their stress
ﬁbers. Cells treated with Jasplakinolide do not look very diﬀerent from control
cells as they maintained their shape and stress ﬁbers. For low doses of myosin in-
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hibitors the cell shape was more ruﬄed but still maintained, stress ﬁbers were less
pronounced. For high doses of Blebbistatin the stress ﬁbers vanished and the nor-
mally well deﬁned cell shape was lost.
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Figure 5.2: Cell and retrograde ﬂow velocity
Leading edge velocity and retrograde actin ﬂow speed measured in kerato-
cytes. Changes that proved statistically signiﬁcant are marked with *.
5.1.2 Retrograde actin ﬂow
For keratocytes it was reported, that although theymove forward there is a retrograde
actin ﬂow in the lamellipodium and lamella [Jurado et al., 2005; Vallotton, 2004]
that is linked to the motility of the cell. I measured this retrograde actin ﬂow with
the feature tracking algorithm described in chapter 3.2.2 on high resolution phase
contrast image series.
As the ﬂow turned out to be strongly dependent on the position in the cell I
deﬁned two regions, a central region and a wings region as shown in ﬁgure 5.3. The
center region contained, starting from the center of mass, the region within an angle
of 70 degrees around the direction of movement extending 5 µm from the leading
edge. The wings were deﬁned depending on the individual cell. A wing region was
deﬁned on each side of the cell, and the two results were averaged to the ﬁnal result.
The regions typically spanned 5 – 10 degrees around an angle of 90 – 110 degrees,
to the direction of motion extending 5 – 10 µm from the edge. The regions excluded
the cell nucleus on purpose as the optically dominant features in this region were
not actin structures.
Retrograde ﬂow in the center was always slower than in the wings, as can be
seen in ﬁgure 5.2. In control cells I measured 4.1 µm/min (± 1.8) in the center and
7.7 µm/min (± 1.9) in the wings. This went down to 2.5 µm/min (± 0.7, signiﬁcant)
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Figure 5.3: Deﬁnition of center and wing region in keratocytes
The ﬂow in a keratocyte is strongly position dependent. I deﬁned two regions
based on the center of area (yellow cross) and the direction of motion. The
central region spans 70° around the direction of motion and extends 5 µm from
the leading edge, the wings are centered around 105° and cover an angle of
7°, they extend 7 µm from the edge.
A B
D
10 µm/min
10 µm/min
C10 µm
2 4 6 80 10
Figure 5.4: Retrograde ﬂow ﬁeld of keratocytes
The retrograde actin ﬂow ﬁeld, the leading edge velocity and the calculated
polymerization for cells treated with diﬀerent drugs. A: Control, B: 50 nM
Jasplakinolide, C: 100 µM Blebbistatin, D: 80 nM Cytochalasin D. The ﬂow
direction is indicated by the white arrows, the ﬂow magnitude is color coded;
edge velocity is yellow and polymerization is red.
and 4.2 µm/min (± 1.0, signiﬁcant) in ML-7 treated cells. Blebbistatin treatment
almost canceled the diﬀerence in ﬂow speed between center 2.4 µm/min (± 1.1,
signiﬁcant) and wings 2.9 µm/min (± 1.0, signiﬁcant). Targeting actin reduced the
ﬂow, too. Cytochalsin D treated cells had a ﬂow of 1.6 µm/min (± 0.7, signiﬁcant)
in the center and 3.8 µm/min (± 1.2) in the wings. In Jasplakinolide treated cells
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I measured ﬂows of 1.9 µm/min (± 1.2, signiﬁcant) in the center and 2.6 µm/min
(± 1.3) in the wings. Cells treated with Deoxycholate showed no signiﬁcant change
in ﬂow in the wings 8.3 µm/min (± 1.1, not signiﬁcant), but in the center the ﬂow
was increased to 5.9 µm/min (± 1.1, signiﬁcant). Figure 5.4 shows exemplaric ﬂow
ﬁelds for the diﬀerent drugs.
5.1.3 Polymerization force
Actin polymerization is claimed to be responsible for advancing the leading edge
[Mogilner and Oster, 1996; Pollard and Borisy, 2003]. I tested this hypothesis by
directly measuring the forces generated at the leading edge. To this end, I used a
SFM-cantilever as force sensor as described in chapter 3.1.2. The lamellipodium
is considered stalled if the leading edge is visibly indented before the bead is lifted
onto the cell, as can be seen in ﬁgure 5.5.
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Figure 5.5: Lamellipodial protrusion force curve of a keratocyte
The moment the keratocyte hits the bead, the lamellipodium was stalled and
got locally indented as the rest of the cell moved on. This indentation was
already visible 1 second after the impact. The force reached its maximum 4
seconds after the impact. The second image taken at 6 seconds shows how the
bead cut into the lamellipodium. The indentation remained visible even after
the bead got lifted onto the lamellipodium by the advancing cell.
I measured a stall stress of 1180 Pa (± 370 Pa, n = 33) at the leading edge in
the center of the cell. If this force is caused by actin polymerization, then Cytocha-
lasin D treatment should lower it. And in fact, inhibiting the polymerization with
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Figure 5.6: Lamellipodial protrusion force curves
For ML-7 and Jasplakinolide the force is not reduced, but force build up is
slower. For Cytochalasin D the force is lower and the force build up is slowed
down. The time of force build up is shadowed.
Cytochalasin D showed the expected eﬀect. The protrusion force at the leading
edge dropped in dose-dependent ﬁrst to 850 Pa (± 170Pa, 60 nM), then to 790 Pa
(± 320 Pa, 80 nM), and ﬁnally to 520 Pa (± 100, 100 nM).
While the other drug targeting actin, Jasplakinolide, only slowed down the force
build up, the maximal protrusion stress (1190 ± 410 Pa, n = 14) was not aﬀected (see
ﬁgure 5.6). This may be due to the fact that fewer actin monomers were available
for polymerization.
I also checked for a possible eﬀect of myosin inhibition on the forces. But cells
treated with 750 nM ML-7 showed no signiﬁcant change in the protrusion stress at
the leading edge (1310 ± 320 Pa, n=14).
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Figure 5.7: Lamellipodial protrusion stress
Cytochalasin D lowered stresses dose dependent, the other drugs had no sig-
niﬁcant eﬀect on the stall stress. Signiﬁcant changes are indicated with *.
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5.1.4 Depolymerization force
When I recorded force curves to measure the stall force at the leading edge, I noticed
that the force would sometimes drop to values below zero while the bead rested on
the lamellipodium. One example of such a curve is shown in ﬁgure 5.8. When the
cell managed to squeeze it under the bead the bead indented the lamellipodium, as
the cantilever pressed down with a preset force. The bead was now located in a dent,
and thematerial that forms the dent was transported backwards. The cantilever being
a spring does not allow the bead to follow the dent readily. On the other hand the
actin network is an viscoelastic material so it needed force to deform the network.
The force, or more correctly the stress, as it is always directed forces acting on an
area, that deﬂects the the cantilever is the same one that drives the retrograde ﬂow.
So this allows to directly measure a stress associated with the retrograde actin ﬂow.
The bead is not linked to the actin cytoskeleton by any bio-chemical link, it the actin
network may slip through under the bead. Hence the retrograde stress measured is
a lower limit to the real stress.
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Figure 5.8: Lamelipodial protrusion and retrograde force curve
The keratocyte hit the bead at 6 seconds, pushed for a short time and then
lifted the cantilever. The bead got caught in the retrograde actin ﬂow and a
maximal retrograde force is measured at 24 – 27 s. Shortly afterwards the cell
body started pushing the cantilever and the measurement ended.
Putting the cantilever perpendicular to the direction of motion, with the bead on
the path of the center of the cell, I measured the retrograde forces in the center of
the lamellipodium. I control cells I measured 180 Pa (± 70 Pa, n = 28) of retrograde
stress.
From themeasurements of retrograde actin ﬂow (see ﬁg. 5.4) I knew that the ﬂow
in the wings was not parallel to the ﬂow in the center but roughly perpendicular to the
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direction of motion. So I expected the force to be perpendicular to the direction of
motion, too. As the long axis of the cantilever has to be perpendicular to the expected
force direction, I had to turn the cantilever by 90 degrees. Then the cantilever aligned
with the direction of motion. I positioned the bead in front of one of the wings. As
the keratocyte migrated under the bead I measured forces in the wings, see ﬁgure
5.9. The stress in the wings, 480 Pa (± 270 Pa, n = 28), was higher than the stress
in the center.
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Figure 5.9: Retrograde force curve in the wing
The cantilever is aligned parallel with the direction of motion, the bead (in-
dicated by red arrow) waits in front of the wing. The keratocyte moves under
the bead, from 30 – 45 s the bead experinces the maximum inward force.
Having measured the ﬂow and the stress that drives the ﬂow. I wanted to know
what is actually causing the stress. My ﬁrst idea was, the stress is activly generated
by the many myosin motors that are in the lamellipodium of a keratocyte. Therefore
I repeated the experiment after the addition of 750 nM ML-7. But the retrograde
stress was not changed by Myosin inhibition, I still measured a stress of 220 Pa
(± 120 Pa, n = 8) in the central region of the cell. This ruled myosin motors as
driving force for the retrograde actin ﬂow out.
Now this result was the exact opposite of my expectation. It necessitated a more
detailed look and a diﬀerent force to drive the retrograde actin ﬂow. A possible
explanation are contractile entropic forces as a consequence of network depolymer-
ization as proposed for nematode sperm [Wolgemuth et al., 2005]. First I ﬁtted a
one-dimensional version of the depolymerization model introduced in chapter 4 to
stresses measured with the SFM. I did this for control cells and cells with inhib-
ited myosin. The resulting actin depolymerization rates were 7.0 ± 2.6 min-1 for
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control cells and 3.5 ± 1.4 min-1 after ML-7 treatment. The decreased actin depoly-
merization rate after myosin inhibition accords to the ﬁndings ofWilson et al. [2010]
who found that myosin activity increases actin depolymerization. The model even
captured the behavior in front of the cell body where the ﬂow reverses direction.
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Figure 5.10: One-dimensional ﬁt of the depolymerization forces
Panels A – C: ﬁts to measurements on control cells. Panels D – F ﬁts to
measurements on ML-7 treated cells.
The one dimensional model worked well, but captured only a small portion of the
actin dynamics. Now, I was interested in the actin dynamics throughout the cell and
I had already measured the actin ﬂow throughout cells for diﬀerent drugs. So I took
the model again and simulated the two dimensional actin ﬂow in order to reproduce
the measured ﬂow ﬁelds. I obtained ﬂow ﬁelds similar to the ﬂow in cells treated
with 100 µM Blebbistatin, 50 nM Jasplakinolide or 80 nM Cytochalasin D. Figure
5.11 shows the measured and the simulated ﬂow ﬁelds. The model predicted the 2D
ﬂow of actin in blebbistatin-treated cells and even in jasplakinolide and cytochalasin
D treated cells.
In case of control cell the model does not predict the correct ﬂow in the wings of
the cell. The experiment shows large ﬂows perpendicular to the direction of motion,
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Figure 5.11: Two-dimensional simulation of the retrograde actin ﬂow in ker-
atocytes
Panels A – D: measured actin ﬂow (color coded and white arrows), edge ve-
locity (yellow) and calculated polymerization (red), A: control cell, B: 100 µM
Blebbistatin, C: 20 nM Jasplakinolide, D: 80 nMCytochalasin D, E –H: simu-
lations reproducing ﬁelds similar to the measurements from A – D. The white
scalebar is 10 µm; the red and yellow scaling arrows indicate 10 µm/min; the
colorscale is 0 – 10 µm/min.
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these are not reproduced by the model. The reason for this may lie in the fact, that
the fast ﬂow in the wings may be caused by myosin contracting bundled actin. The
model cannot reproduce this, as this is a mode of action completely diﬀerent from
the model assumptions.
5.1.5 Cell body force
Towards the end of the force measurements on the lamellipodia there was always a
strong pushing force when the cell body hit the cantilever. To measure this force, I
exchanged the really soft cantilever used for the lamellipodial stall force measure-
ment with a stiﬀer one. Also I used higher preset downward forces.
When the cells now hit the cantilever they were unable to lift the bead. Still they
moved on and the bead cut into the lamellipodium like a knife. The two parts of
the lamellipodium continued to move independently. The cell body was not cut by
the cantilever, it got stuck behind the cantilever. As the two lamellipodia moved on,
the cell body got bent and stretched into, sometimes extreme, V-shapes. The force
generated in the lamellipodia in order to drag the cell body along is counteracted
and measured by the cantilever. A cell was considered stalled if it stopped moving
or turned around, as can be seen in ﬁgure 5.12.
20 µm
0 s 300 s 600 s
900 s 1100 s 1300 s
Figure 5.12: IRM image series of a whole cell stall
The cell originally coming from below is nearly cut in two by the cantilever.
At around 600 s the cell is stalled and changes direction. The force curve to
this experiment is shown in ﬁgure 5.13.
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Figure 5.13: Force curve of a wole cell stall
Force curve to the a stalled keratocyte of ﬁgure 5.12. The turning point at
around 600 s is clearly visible in the force curve as well.
Similarly to the lamellipodial protrusion forces I wanted to know the contribu-
tion of actin and myosin to the whole cell stall forces. Hence I manipulated the
cytoskeleton with the known drugs, ﬁgure 5.14 shows the results.
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Figure 5.14: Whole cell stall forces
Jasplakinolide and low doses of ML-7 or blebbistatin had no eﬀect on the stall
forces. High doses of blebbistatin lowered the stall force. Cytochalasin D had
a dose dependent eﬀect on the stall force. Signiﬁcant changes are indicated
with *.
In the case of control cells I recorded stall forces of 68 nN (± 18 nN, n = 36).
Cells treated with varying doses of ML-7 to inhibit motor activity still produced
stall forces of 58 nN (± 15 nN, n = 5, 200 nM), 55 nN (± 13 nN, n = 8, 500 nM)
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and 57 nN (± 17 nN, n = 3, 750 nM), this drop was not statistically signiﬁcant.
Blebbistatin treated cells were not signiﬁcantly weakened at low doses (53 ± 18 nN,
n = 5, 500 nM), only at high doses the stall force dropped signiﬁcantly to 25 nN
(± 6 nN, n = 2, 100 µM).
As for the lamellipodial stall forces Cytochalasin D caused a signiﬁcant, dose
dependent weakaning of the cells from 48 nN (± 10 nN, n = 5) at 60 nM, over
29.4 nN (± 8.5 nN, n = 6) at 80 nM to 25.3 nN (± 3.9 nN, n = 5) at 100 nM.
Stabilizing actin ﬁlaments with 30 nM Jasplakinolide had no signiﬁcant eﬀect on
the cell body stall force (56 ± 10 nN, n = 9).
5.1.6 Traction force
Up to this point, I measured how strong the cells can push against some obstacle. In
order to be able to push against something they must hold on to the substrate they
move on. I measured the traction force without the addition of any drugs. Trac-
tion forces were highest under the wings and pointed inward, almost perpendicular
to the direction of motion. This is in accordance with previous ﬁndings of other
groups [Lee et al., 1994; Dembo et al., 1996]. Traction forces summed up to 100 nN
(± 20nN) which is comparable to the whole cell stall forces I measured.
20 µm 20 µm
2500 50 100 150 200
Figure 5.15: Traction force map of a keratocyte
Left: Phase contrast image of a keratocyte on a PAA-hydrogel. Right: Trac-
tion force map of this keratocyte. Traction forces are highest in the wings
and almost perpendicular to the direction of motion. Over the whole cell area
traction force sums up to 100 nN. Colorbar in Pa, arrows for force direction.
5.1.7 Summary
I measured the cell velocity in dependence on diﬀerent drugs and used it as indica-
tor to determine drug concentrations that alter keratocyte motility. I showed that the
protrusion forces at the leading edge are dependent on actin polymerization. The
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Control 10.0
(3.7)
4.1
(1.8)
7.7
(1.9)
1175
(373)
180/480
(70/270)
66 (18)
Cyto D
60 nM
- - - 854
(170)
- 48 (9) *
80 nM 2.8
(1.3) *
1.6
(0.7) *
3.8
(1.2) *
785
(319)*
- 29 (8) *
100 nM - - - 518
(96) *
- 25 (4) *
Jasp
30 nM
- - - 1050
(213)
- 56 (10)
50 nM 1.6
(1.3) *
1.9
(1.2) *
2.6
(1.3) *
1188
(407)
- -
ML-7
750 nM
4.9
(1.8) *
2.5
(0.7) *
4.2
(1.0) *
1305
(317)
220/-
(120/-)
57 (17)
500 nM - - - - - 56 (13)
200 nM - - - - - 58 (15)
Blebbi
100 µM
3.7
(1.5) *
2.4
(1.1) *
2.9
(1.0) *
- - 25 (6) *
500 nM - - - - - 53 (18)
Deoxy
400 µM
10.6
(3.4)
5.9
(1.8) *
8.3
(1.1)
- - -
Table 5.1: Data overview for keratocytes
A tabulated version of all data measured on keratocyte for fast comparison.
Errors are in round brackets and signiﬁcant changes with respect to control
data are indicated with *.
retrograde actin ﬂow seemed to be dependent on actin depolymerization in the cen-
ter, while myosin activity was involved in the fast retrograde ﬂow in the wings. The
whole cell stall forces were dependent on myosin activity and long actin ﬁlaments.
The magnitude of the cell stall forces matched the traction forces. Table 5.1 gives
an overview of the measured values.
64
5.2. Neuronal growth cones
5.2 Neuronal growth cones
Keratocytes are a nicemodel system, andmuch can be learned on the basic principles
of cell motility from them. But let’s face it, they are not relevant for humans as we
do not have any similar cells. I wanted to do experiments with cells that are at least
similar to human cells, even if they are not human in origin, and repeated some of
the experiments with neurons.
5.2.1 Forward forces
I started my experiments with NG108 cells and their growth cones. Finding the right
position for a force measurement was not hard with neurons. Even if the growth
cones were smaller than the leading edge of a keratocyte. I guessed the direction
of future growth from the phase contrast image of a neurite with growth cone. It is
not unlikely that they will continue to grow in the direction of the neurite. Hence I
positioned the bead in front of growing neurites, with the long axis of the cantilever
perpendicular to the direction of the neurite, see ﬁgures 5.16 and 5.18 for examples.
A B
DC
Figure 5.16: Image series of forward force measurement with a NG108 cell
The cell comes from the left, the cantilever is visible in the middle of the
images, the laser for the drift stabilization is visible in the lower right corner.
The corresponding force curve is plotted in ﬁgure 5.17. A: directly before
contact, B: the growth cone is in full contact with the bead, C: the cantilever
rests on the growth cone, D: the growth cone has migrated past the cantilever.
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What is diﬀerent to keratocytes is two things that make life hard, ﬁrst growth
velocity is an order of magnitude slower. Experiments that were done in minutes
with keratocytes easily ran for an hour or two. Furthermore neurons need constant
37°C to show normal outgrow behavior. This necessitated heating, but feedback
controlled heaters induce drifts in the sample as the temperature is not truly con-
stant but oscillates minimally around the target temperature. With the optical trap
I incorporated into the SFM-setup I measured these drifts and moved the cantilever
along with the substrate such that movements with respect to substrate were mini-
mal. Equipped like this it was possible to measure forward forces on neurites even
if individual measurements extended over more than one hour.
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Figure 5.17: Protrusion stress curve of NG108 growth cone
The stress acting on the bead is plotted, positive values indicate the cell push-
ing against the bead. The four time points from ﬁgure 5.16 are indicated by
letters and correspond well to the force and height curve.
The ﬁrst measurements were done with NG108 cells. The ﬁgures 5.16 and 5.17
show one measurement. In the instance the growth cone visibly made contact to
the bead, the forward force started to rise. The force build up was not continuous
but included setbacks and stalled periods. All in all it took 5 minutes to reach peak
force. The sudden change of forward into retrograde stress was accompanied by a
rise in the cell height. The cantilever was lifted up and the growth cone migrated
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underneath, this was clearly visible in the video, too. In the end the force and height
signal returned to zero as the growth cone has completely passed the bead.
In the end only four measurements were good enough to be analyzed. The for-
ward force peaked at Fav,NG=102 (±39) pN. The error is given as standard deviation.
The maximal force recorded was Fmax,NG = 150 pN. The height hedge = 500 nm of
the leading edge was approximated using data from the cell elasticity measurements
(see ﬁg. 5.23). With this the eﬀective interaction cross section between cell and bead
is Aeﬀ = 1.15 µm2. Calculating the average peak stress gives 𝜎av,NG = 89 (±34) Pa,
the maximum stress was 𝜎max,NG = 130 Pa. In a measurement where the growth
cone managed to lift the cantilever, the measured retrograde force peaked at about
Fmax, retr ≈ 250 pN which translates to 𝜎max, retr≈ 200 Pa.
A B
C D
Figure 5.18: Time lapse image series of forward force measurement with a
RGC growth cone
The growth cone comes from the right, the bead on the cantilever is visible
on the left of the images. The growth cone makes contact to the force sensor,
pushes against it, and in the end bypasses it. The corresponding force curve
is plotted in ﬁgure 5.19. A: before contact, B: time of contact, C: time of
maximal pushing force, D: the growth cone has migrated past the cantilever
The SFM cantilever sits on the substrate with a preset downward force to pre-
vent the growth cone from lifting up the cantilever and migrating underneath. This
force cannot be chosen arbitrarily high. If the bead is not perfectly centered it may
get pushed out to the side and the cantilever becomes unstable. Therefore, it is not
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completely impossible for the cell to lift the cantilever. If the cell manages this and
crawls under the cantilever, the bead gets caught in the retrograde ﬂow of the actin
network within the growth cone. As the cantilever still prushes down, the bead will
indent the lamellipodium of the growth cone strongly. In cell elasticity measure-
ments (see section 5.2.3) similar forces lead to indentations up to 500 nm. With this
indentation the eﬀective cross section for retrograde stress is Aeﬀ = 1.15 µm2.
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Figure 5.19: Protrusion stress curve of a RGC growth cone
The stress acting on the bead is plotted, positive values indicate the cell push-
ing against the bead. At timepoint B the growth hits the bead for the ﬁrst time,
I tries to twice to push the bead out of the way, the it rest for some minutes
prior to the ﬁnal attempt at timepoint C. The time lapse images of the measure-
ment (see ﬁg: 5.18) show that the growth cone bypasses the bead in the end.
The force does not drop back to zero as a side branch of the neurite formed at
the bead location.
As NG108 cells are a cell line, there is always the danger that the results are just
an artifact from the transition of a normal cell to an immortalized cell line. Hence I
repeated the forward force measurements with primary retinal ganglion cells (RGC).
One measurement is depicted in ﬁgures 5.18 and 5.19. The growth cone is smaller
than the growth cones from the NG108 measurements. In the force curve it is nicely
visible that the growth cone tries several times to push the bead out of its way. Yet it
is to weak to lift the cantilever. In the end, it bypasses the cantilever while some side
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branch remains at the position of the cantilever, such that the force does not drop to
zero in the end.
The average peak forward force was Fav,RGC = 115 (±48) pN measured over
ﬁve diﬀerent growth cones. The maximal recorded force was Fmax,RGC = 170 pN.
Converted into forces per area the forward stresses are 𝜎av,RGC = 100 (±42) Pa and
𝜎max,RGC = 150 Pa respectively. Retrograde forces could not be measured for RGC
growth cones.
5.2.2 Traction stress
When the growth cone pushes against an obstacle, it must be able to hold on to the
surface it moves on, otherwise the growth cone would push itself away from the
obstacle. According to Newton’s third law, the forces of two bodies on each other
are always equal and directed in opposite directions.
20 µm
250
0
50
100
150
200
20 µm
A B
Figure 5.20: Traction stress measurement of NG108 growth cone
A: Phase contrast image of the NG108 cell, the detected cell shape is indicated
in red. B: Corresponding traction stress map, the white arrows indicate stress
direction, the color gives stress magnitude in Pa, the cell shape is overlaid to
visualize the cell position.
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To measure how strongly the growth cone holds on to its substrate, I did traction
stress measurements of NG108 growth cones growing on polyacrylamide hydro-
gels, a soft deformable 2D substrate without any obstacles. I measured ﬁve diﬀerent
growth cones and could measure traction stresses of 𝜏max,av,NG = 80 (±33) Pa. The
maximal measured stress under a growth cone was 𝜏max = 115 Pa, as can be seen in
ﬁgure 5.20. The traction stresses are in the same range as the retrograde stresses we
measured on the growth cone.
Summing up over the area of a growth cone, the total force on the substrate
is Ftotal,NG = 10 (±3.5) nN. This clearly surpasses the force measured by neurite
tension (0.3 – 1 nN, [Lamoureux, 2002]). A moving growth cone clearly holds on to
its substrate with more than suﬃcient force not to be pulled back by neurite tension.
Themaximal forward pushing force Imeasuredwas again a factor 10 lower (0.15 nN)
than neurite tension, hence it plays only a minor role in the force balance of a growth
cone.
5.2.3 Elasticity
For a complete characterization of the mechanical properties of the growth cones,
the local elasticity was mapped with 1 µm spatial resolution (see ﬁg. 5.22). The
elasticity is a good indicator for the maximal forces a cell can withstand. An elastic
material with a Young’s modulus of E = 100 Pa will elongate by 100% when it is
stretched by applying a stress of 100 Pa. I measure the compressive modulus of the
cell, it is related to the more commonly used Young’s modulus via𝐾 = 𝐸/(1−𝜈2). I
assumed a Poisson ratio of 𝜈 = 0.5 as the thin ﬁlm correction to the Hertz model that
used 𝜈 = 0.5 ﬁtted the data better than the model that used 𝜈 = 0.4 for the Poisson
ratio.
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Figure 5.21: Histogram of growth cone elasticity
Elasticity was measured with 177 force – distance curves measured on 7 dif-
ferent growth cones. The average K-modulus was Kav,NG = 120 Pa.
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The ﬁrst observation here was that growth cones are very soft. I measured 177
force – distance curves on 7 diﬀerent NG108 growth cones. The average K-modulus
was Kav,NG = 120 Pa, with maximal values of Kmax,NG = 200 Pa. This converts into
Eav,NG = 80 Pa and Emax,NG = 150 Pa.
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Figure 5.22: Elasticity map of a NG108 growth cone
Reconstruction of the height proﬁle of a NG108 growth cone, with local elas-
ticity indicated by color. The insert in the upper left corner is an overview
showing the whole NG108 cell.
The cell height is another information that can be extracted from the force –
distance curves. Combining the height information and the local elasticity the 3D-
model of the growth cone in ﬁgure 5.22 was constructed. In the protrusion stress
measurements I always calculated a stress from the forces I measured. To approxi-
mate the interaction area (see ﬁgure 3.6) for the conversion I used equation 3.16:
𝐴 = 2 arccos((𝑅𝑏𝑒𝑎𝑑 − ℎ)/𝑅𝑏𝑒𝑎𝑑). The average height of the growth cones was
hav = 650 nm, the 3D-map shows that the growth cone is thicker in the middle.
This is the reason why I used hedge = 500 nm.
The indentation for a given force was the third important parameter I extracted
from the force – distance curves. The indentation deﬁnes the interaction cross sec-
tion of the cell with the bead during retrograde force measurements. A histogram of
indentations is plotted in ﬁgure 5.23.
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Figure 5.23: Histograms of growth cone height and indentation
The local height and indentation was extracted from 177 force curves mea-
sured on 7 diﬀerent growth cones.
I repeated the elasticity measurements on the growth cones of primary neurons.
I measured 75 force – distance curves on 4 diﬀerent growth cones. From theses I cal-
culated an average modulus of Kav,RGC = 50 Pa with a maximum Kmax,RGC = 97 Pa.
The corresponding Young’s modules are Eav,RGC = 37 Pa and Emax,RGC = 73 Pa.
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Figure 5.24: Histogram of RGC growth cone elasticity
75 force – distance curves measured on 4 diﬀerent growth cones were
used to calculate RGC growth cone elasticity. The average K-modulus was
Kav,RGC = 50 Pa.
In summary neuronal growth cones are very soft with elastic modules lower than
200 Pa. Fibroblasts or endothelial cells typically have elasticities in the kPa range.
Furthermore the measured forces are really low. The measured pushing force of 130
Pa is an order of magnitude lower than what I measured in keratocytes.
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5.2.4 Brain slice elasticity
Having measured that neurons are very soft and weak raised an interest in their natu-
ral environment. I had the opportunity to measure the local elasticity of a brain slice
of an adult rat. I measured several force – distance curves in an area of 100x100 µm
before moving roughly 500 µm to the next location. I measured around 30 areas dis-
tributed over the whole slice, see ﬁgure 5.25. As the slice was 400 µm thick I could
safely use the unmodiﬁed Hertz-model to determine the elasticity from the force –
distance curves. The elasticity of E = 170 ± 67 Pa proved to be in the range reported
by other groups, e.g. K = 294 ± 74 reported by Christ et al. [2010] this corresponds
to a Young’s modulus of E = 220 Pa. The large standard deviation as well as the
plot in ﬁgure 5.25 clearly show that the brain is quite heterogeneous in elasticity.
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Figure 5.25: Elasticity of a rat brain slice
The local elasticity was measured on a brain slice of a rat. At each location
several force – distance curves were recorded. The histogram is over all mea-
sured curves. The avarage elasticity was 168 ± 67 Pa.
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5.3 Motile 2D cell sheets
Some cell types like ﬁbroblasts and neurons move solitary in vitro as well as in vivo.
Other cells like epithelial cells move collectively and form amulticellular front. This
introduces a new parameter into cell motility as the motion is no longer dependent
solely on the individual cell and the substrate, but the interaction with the neighbors
comes into play.
Wound healing essays are used to study the collective motion of cells. A wound
healing essay consists two monolayers of cells seperated by a gap. This gap can be
created by actually scratching one monolayer with a needle or a blade. This removes
some cells and destroys others, possibly releasing a whole bunch of biochemical sig-
nals. I chose a second method that mechanically blocks the access to some areas of
the petri dish, with a well attached rubber stamp. The cells are allowed to grow into
an initial monolayer in a conﬁned region. At the start of the experiment the stamp is
removed, and the monolayer is freed from the conﬁnement. This method does not
damage cells, so the only signal should be the change in available area. Tracking of
individual cells can be tricky, but velocity ﬁelds can be extracted from phase contrast
image series with the ﬂow tracking algorithm described in chapter 3.2.2.
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.922 h0 h 200 µm
A B C
Figure 5.26: Wound healing essay
A: Two monlayers of MCF10A cells seperated by a gap, the monolayer on the
left has a lower cell density than the one on the right. B: The cells have closed
the gap. C: Velocity ﬁeld in the moment the gap closed; Arrows indicate
direction, the colorbar is in µm/min.
The cells on the edge of the sheet startedmigrating into the gap, while throughout
the sheet cells divided to maintain the cell density. The level of coordination was
checked with an angular order parameter 𝑉 = ⟨cos 𝜃⟩. A value of 1 denotes a
velocity ﬁeld were all cells move perfectly parallel to each other. A value of 0 stands
for a completely random velocity ﬁeld.
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After an initial lag phase of the cell migration the order increased. The cells
that migrated moved fairly parallel, to each other and perpendicular to the original
boarder of the gap. The cells further away from the edge of the sheet took longer until
they started moving. In areas where the cell did not move randomly oriented ﬂuctu-
ations of small amplitude were detected. The order parameter is calculated over the
whole ﬁeld of view, taking only the angle into account. Therefore it increases over
time as the amount of cell moving in parallel increases, an areas with random noise
decrease. A few hours after the onset of migration all cells in the obervation area
are moving and the order parameter levels oﬀ close to 1, as shown in ﬁgure 5.27.
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Figure 5.27: Order parameter in a moving cell sheet
Left: Time evolution of the velocity ﬁeld for two densities. Right: Evolution
of the order parameter of a MCF-10A monolayer over time.
When the two cell sheets meet in the middle of the initial gap the velocity drops,
starting from the contact point. The remaining motion further back in the sheet is
still directed towards the center. It may be cells moving in order to equilibrate cell
density throughout the whole sheet. At the time of ﬁrst contact, the cell density in
the migratory area is lower compared to the area of ﬁrst conﬁnement.
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Figure 5.28: Kymograph of the velocity of a moving cell sheet
The velocity along a line perpendicular to the front of twomigrating cell sheets
closing a gap. Once the gap closed the velocity in the middle droped to zero.
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To see, whether cells would diﬀuse into the other cell sheet after closing the gap
an experiment with identical cells was done. Cells were labeled, one side in green
and the other in red with a live stain. Even 12 hours after closing the gap no cell
had moved into the other layer. This suggests that these cells are rather ﬁxed in their
position within the cell sheet. Nnetu [2013] has shown that the behavior of the cells
in such a monolayer follows the same rules a jammed soft colloids.
Figure 5.29: Wound healing essay, mixing of the two monolayers
A: Two monolayers of MCF10A cells labeled in green and red in a wound
healing essay. B: The cells closed the gap, C: The monolayers don’t mix even
12 hours after closing the gap.
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6.1 Keratocytes
Since many years, keratocytes are a model system for cell motility studies. Yet the
discussion remains openwhat drives keratocytemotility andwhether actin ormyosin
is more important.
I identiﬁed three contributors to keratocyte motility (ﬁg. 6.1). However a com-
plete seperation of the three was not possible. Two of them were already known, the
third emerged as a consequence of my experiments. The molecular motor myosin
is one of the known key factors. Myosin is a motor that walks along actin ﬁla-
ments, another important component of cell motility. Hence, every drastic change
of actin function will have downstream eﬀects on myosin activity, e.g. if actin is
completly depolymerized myosin activity is rendered useless. Therefore I investi-
gated the gradual changes caused by incomplete inhibition of the diﬀerent mecha-
nisms. This cannot result in a clear-cut black and white picture where I can say with
absolute security myosin does this, and actin is responsible for that. The emerging
picture will be a greyscale image, where some ambiguity and room for interpretation
remains.
Reducing the motor activity of myosin with drugs like ML-7 and Blebbistatin
drastically reduces the cell speed. The retrograde actin ﬂow in the wings and the
central region of the lamellipodium slows down as well. Under the inﬂuence of low
doses of myosin inhibitors the cell can maintain its shape. Cells are still motile given
high inhibitor concentrations but they lose their well deﬁned shape and fragments
of the lamellipodium can break from the cell and move on independently. But even
at these high concentrations the retrograde actin ﬂow does not stop completely. It
must be kept up by some other mechanism, this brings actin itself into focus.
In vitro experiments have shown that polymerizing actin can push coated beads
around. I could measure these forces generated by polymerizing actin directly in
moving cells. At the very leading edge of moving keratocytes I measured a forward
directed stress of 1.2 kPa. In order to check whether this force was dependent on
myosin motors or not, I inhibited them. But myosin inhibition did not lower this
pushing stress. I still measured pushing stresses of 1.3 kPa. Thus no dependence on
myosin here.
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Next, I looked at the actin ﬁlaments. Inhibition of actin polymerization by cap-
ping actin ﬁlaments with Cytochalasin D reduced the pushing force at the leading
edge dose dependent down to 0.5 kPa for 100 nM of Cytochalasin D. Stabilizing
actin ﬁlaments with Jasplakinolide has, as expected, no eﬀect on the maximal push-
ing stress.
In all drug treated cells the force build up was slower than in control cells. This
might be due to slower actin turnover and less actin monomers available at the cell
front, but actin monomer concentrations cannot be measured in cells. The forward
force I measured is in the same range like the forces measured in vitro. Giardini et al.
[2003] andMarcy et al. [2004] showed that stresses generated by actin polymerizing
against a bead are about 1000 Pa. All this suggests that actin ﬁlaments polymerizing
against the plasmamembrane is the sole force generating process at the leading edge.
Leaving the very edge behind and moving inwards towards the cell body I mea-
sured a weaker force directed away from the edge and towards the cell body. This
force again is independent of myosin motor activity. The lamellipodium and lamel-
lum are fairly constant in height; the cross section perpendicular to the direction of
motion does not increase much between the leading edge and the cell body.
This retrograde stress of 200 Pa can very well be just a part of the force coun-
teracting the 1.2 kPa forward stress at the leading egde. This would explain why
this stress is not lowered by myosin inhibition. Yet it cannot answer the question,
how the cell body can still follow the leading edge. If the retrograde stress in the
lamellum is caused by actin polymerizing against the leading edge this stress will
always be directed antiparallel to the direction of motion. It cannot be used to drag
the cell body along. The cell body needs a contractile element that connects it to the
advancing network to follow (see ﬁg. 6.1).
Myosin motors together with actin ﬁlaments can form such a contractile ele-
ment. In keratocytes, myosin is found throughout the lamellum but mostly concen-
trated in the back of the lamellum where it associates with bundles of actin ﬁlaments
[Svitkina et al., 1997]. If myosin drives the retrograde action ﬂow then myosin in-
hibition should have the following eﬀect. The force pulling the actin network back-
wards is lowered and in turn the retrograde actin ﬂow slows down. From the optical
tracking of the actin network I saw that the ﬂow slowed down from 4.1 µm/min
to 2.5 µm/min. This corresponded to my expectations, but when the bead on the
cantilever got trapped in the retrograde actin ﬂow I measured a retrograde stress of
180 Pa in the central lamellum of control cells. And this force remained unchanged
(220 Pa) upon myosin inhibition. This rules myosin, the most important actin asso-
ciated motor, out.
That left me with an actin network that was obviously contracting, but the con-
tractile force was not generated by any known motor protein. This situation was
puzzling at ﬁrst but strongly resembled the situation in nematode sperm. It moves in
a crawling fashion when its MSP polymerizes against the leading edge. It exhibits
a retrograde ﬂow that is not caused by any motor protein. Wolgemuth et al. [2005]
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showed that a depolymerizing network of ﬂexible ﬁlaments can generate enough
force to explain the ﬂow of the MSP network in nematode sperm.
I checked this hypothesis with a series of actin ﬂowmeasurements. First I capped
polymerizing actin ﬁlaments with Cytochalasin D, which should result in fewer and
shorter actin ﬁlaments. As a consequence I expect lower depolymerization forces
and less ﬂow. Stabilizing actin ﬁlaments with Jasplakinolide should give less retro-
grade ﬂow as the depolymerization rate goes down. High doses of myosin inhibitors
should lead to a homogeneous retrograde ﬂow throughout the cell. Qualitatively my
ﬂow measurements agree with these predictions.
To check these results on a quantitative base I simulated the retrograde actin
ﬂow in the lammelipodium and lamellum including myosin motor activity, actin
polymerization and actin depolymerization. This included the forces associated with
the depolymerization of the actin network. This worked quite well for the 1D case in
the center of the cell for control and ML-7. The 2D model worked best for myosin
inhibition. The behavior after addition of Cytochalasin D and Jasplakinolide was
successfully simulated as well. These simulations showed that the forces generated
by actin are suﬃcient to generate the ﬂow ﬁeld observed in keratocytes, including
the reversion of the ﬂow in front of the cell body (see ﬁg. 5.11). Additionally the
model predicted a lowered actin depolymerization rate for cells treated with myosin
inhibitors. This is consistent with the observations ofWilson et al. [2010] who found
an that myosin activity increased the actin depolymeriztaion rate. For control cells
the simulation was unable to reproduce the high actin ﬂow in the wings of the cell.
This could be due to a coordinated and directed action of myosin that is not included
in the model.
Another cell component be considered was the plasma membrane. It encloses
the cell like a bag, and the cell keeps the membrane under tension to keep mem-
brane surface more or less constant. If the polymerizing actin pushes against the
membrane at the leading edge, the membrane moves forward. This increases the
tension in the membrane which could in turn produce a force in the back of the
cell that drags the cell nucleous along. The tension in the plasma membrane was
measured to be 30 pN/µm in NIH 3T3 cells by Raucher and Sheetz [2000], data
for keratocytes is not available. At the leading edge this tension is easily overcome
by the actin polymerization. Assuming a height of 250 nm the actin still generates
300 pn/µm, hence the plasma membrane does not hinder actin polymerization. I
measured 200 pN/µm2 retrograde stress in the lamellipodium, if the lamellum is well
below 1 µm in height 30 pN/µm are something that should not be neglected. Now if
the retrograde actin ﬂow is caused by actin pushing itself away from the membrane,
then changes in membrane tension should lead to changes in the retrograde ﬂow.
Reducing membrane tension will reduce the maximal forces. Hence the retrograde
actin ﬂow should slow down, but I measured a slight but statistically signiﬁcant in-
crease of the ﬂow velocity. If the cell body is dragged along in a bag of plasma
membrane, or if the plasma membrane crushes the actin ﬂiaments at the rear end
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Figure 6.1: Illustration of the forces in a keratocyte
The physical picture resulting from the force measurements and the character-
izaiton of the internal actin dynamics is illustrated. Cell body force (violet),
lamellipodium velocity and stall stress (red), retrograde actin ﬂow and stress
in the central lamellum (light blue) and inward actin ﬂow and stress in the
lateral lamellum (dark blue).
as postulated by Mogilner and Rubinstein [2010], then a softer plasma membrane
transmits less force to the rear end. The cell should slow down. In mymeasurements
the cell speed was unaﬀected (see ﬁg. 5.4).
The cell body stall force is generated by stress ﬁbers spanning to the back of
the cell. The ability to polymerize a well cross-linked, long-ﬁbered actin network
with workingmyosin motors is necessary to generate high forces. For Jasplakinolide
treatment none of these are aﬀected and the peak force remains high. In the case of
Cytochalasin D the cell body stall force is lower, as shorter actin ﬁlaments allow
fewer myosins to attach per ﬁlament, leading to less eﬃcient stress ﬁbers. Myosin
inhibition can be compensated to a certain degree. As long as enough myosins are
active the tension in the stress ﬁber can be kept up. For high concentrations of
Blebbistatin the force can no longer percolate through the whole ﬁber, and the cell
body stall force goes down.
Keren et al. [2009] measured the pressure associated with hydrodynamic ﬂow,
throughout the cell it was in the range of 10s of Pa. This is an order of magnitude
below the lowest stress I measured.
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Of course I cannot exclude other mechanisms to be active with absolute certainty.
I tried to ﬁnd a minimal model and concentrated on actin and myosin. I ignored
intermediate ﬁlaments andmicrotubules as they have, tomy knowledge, no inﬂuence
on keratocyte motility.
In summary I directly measured the forces produced by actin polymerization
and, to my knowledge for the ﬁrst time, the forces associated with the retrograde
actin ﬂow. As biology has a plethora proteins and associated signaling pathways it
is important to break everything down to a minimal model. For keratocyte motility
this minimal model consisted of actin polymerization at the leading edge andmyosin
contractility throughout the lamellipodium. I checked my measurements on this
model.
My results show that both actin and myosin play important but diﬀerent roles
in motility. Myosin contractility seems to be more important in the wings, where
it maintains the cell shape, than in the center, where the retrograde actin ﬂow is
independent of myosin activity. For actin it turned out that considering just the
polymerization was not enough. Actin depolymerization and the resulting entropic
forces are a completely new physical eﬀect in actin based cell motility. In the central
lamellipodium they oﬀer a motor independent mechanism to generate contractile
forces. These motor independent forces are not even dependent of a speciﬁc ﬁlament
network, as nematodes prove.
However, introducing this new force in the force balance I can explain all ef-
fects observed in my experiments without introducing any new biochemical feed-
back loops.
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6.2 Neuronal growth cones
I expected neuronal growth cones to be rather soft, which correspond to literature
stating that brain is very soft with reportedYoung’smodules between 100 and 700 Pa
(see ﬁg. 6.2) [Georges et al., 2006; Christ et al., 2010; Elkin et al., 2011; Lu et al.,
2010]. My measured growth cone elasticities of Eav,NG = 80 Pa, Eav,RGC = 37 Pa
(Emax,NG = 150 Pa, Emax,RGC = 73 Pa) are on the lower end of that range.
Figure 6.2: Comparison of Young’s module of diﬀerent tissues
Brain slices and neuronal growth cones are softer than most tissues. Values
were taken from (1) Sundararaghavan et al. [2009], (2) Georges et al. [2006],
(3) Christ et al. [2010], (4) Elkin et al. [2011], (5) Lu et al. [2010], (6) Shiga
et al. [2000], (7)Mathur [2000], (8)Mahaﬀy et al. [2004], (9)Wu et al. [2006],
(10) Schrot et al. [2005], (11) Buxboim et al. [2010] and (12) Leporatti et al.
[2009].
More surprising was, that the growth cones were able to push against obsta-
cles with stresses of 𝜎av,NG = 94 (± 34) Pa and 𝜎av,RGC = 100 (± 42) Pa (𝜎max,NG
= 130 Pa, 𝜎max,RGC = 150 Pa). These stresses are in the same order as the elasticity
of the growth cone. This raises the question what is the consequence of this for the
movement of the growth cone through the brain? From Hooke’s law, 𝐸 = 𝜎𝑙0/Δ𝑙,
follows that, when a growth cone pushes with 𝜎 = 130 Pa against a cell of size 𝑙0
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with Young’s modulus E, this cell will be indented by Δ𝑙. In the form 𝜎/𝐸 = Δ𝑙/𝑙0
this equation reveals that, the cell should be at least as rigid as the stress it applies,
otherwise it will be deformed rather than deform its surrounding. So three scenarios
become clear.
First 𝜎 ≫ 𝐸, the cell is much harder and stronger than the surrounding. The
cell can deform the environment without trouble, it might even tear the surrounding
apart.
Second 𝐸 ≫ 𝜎, the cell is much softer and weaker than its surrounding. The
environment will hardly deform under the pressure of the growth cone, making it
impossible to squeeze by.
Third 𝐸 and 𝜎 are comparable. The environment will deform under the applied
stress from the growth cone, the growth cone itself will deform as well. Both de-
formations will be moderate. The growth cone can move in the tissue. The same
arguments hold also for traction forces. Growth cones pull on the underlying sub-
strate with stresses up to 𝜏max,av,NG = 80 Pa (± 33) Pa.
Neuronal growth cones can grow on 2D substrates of nearly any stiﬀness. The
question whether a growth cone senses and reacts to substrate stiﬀness in some kind
of durotactic behaviour, inverse or not, is open Flanagan et al. [2002]; Jiang et al.
[2008]; Norman and Aranda-Espinoza [2010]. But this scenario is signiﬁcantly dif-
ferent from my measurements, even cells growing on a ﬂat glass substrate only have
to push against the very low viscosity of water.
In crowded 3D environments the situation is completely diﬀerent. Here, growth
cones are forced to work against their environment if they want to move. In experi-
ments where growth cones had the choice between a soft and a hard matrix inverse
durotactic behaviour was observed. Growth cones preferentially grew into the soft
matrixBalgude [2001]; Yu and Bellamkonda [2001]. Yu and Bellamkonda [2001]
measured a signiﬁcant drop in neurite extension between gels with a shear modulus
of 130 Pa and gels with a shear modulus of 200 Pa. Sundararaghavan et al. [2009]
confronted growth cones with a gradient in stiﬀness ranging from 50 to 350 Pa. The
growth cones started in the middle of the gradient, a region with a stiﬀness some-
where between 150 and 200 Pa. The growth cones extended further when moving
down the gradient compared to those moving up the gradient.
My ﬁndings fall in line with the observations from Yu and Bellamkonda [2001]
and Sundararaghavan et al. [2009], if I assume that the ability to push through a elas-
tic matrix is the limiting factor for neurite growth in 3D environments. My pushing
stresses of 𝜎av,NG = 94 (± 34) Pa and 𝜎av,RGC = 100 (± 42) Pa are close to what
seems to be the interesting matrix rigidity of 130 – 200 Pa where the growth cones
start to have problems penetrating the matrix.
From my traction force measurement I conclude that the missing traction should
not be a problem for growth cones. I measured traction stresses of 𝜏max,av,NG= 80 Pa
(± 33) Pa underneath the growth cone, while I measured higher stresses below the
cell body. The total force transmitted to the substrate was Ftotal,NG = 10 nN, this is
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more than enough to balance the neurite tension of 0.3 – 1 nN [Lamoureux, 2002]
and the maximal pushing forces of 0.15 nN. The higher forces under the cell body
explain why neuroblastoma cells can leave the central nervous system, since the cell
bodies migrate in that case [Ara and DeClerck, 2006]. Generating traction stresses
that don’t surpass 100 Pa makes sense if the cell is moving in a surrounding that is
equally soft. Otherwise the growth cone could damage the cells on its path.
Several mechanisms ensure that outgrowing neurites stay on their track and reach
their destined target. Gradients of bio-chemical attractants and repellents guide the
cell, it will run up an attractive gradient and down a repellent one [Dickson, 2002;
Mortimer et al., 2008; Yu et al., 2008].
At some time during embyrogenesis neurites start to grow. Many of them, a
good example is the optical nerve, grow along a preferred route. Such a route con-
sists of other neurites or glia cells, both very soft cell types. The preference for soft
substrates over hard ones ensure that neurites will grow along these tracks. Addi-
tionally, neuronal growth cones react to sudden mechanical stresses, stresses higher
than 274 Pa can trigger growth cone retraction [Franze et al., 2009]. Stresses this
high require either tissue stiﬀer than brain tissue or massive deformations. Thus, if
the growth cone experiences these stresses, it is somewhere wrong.
Looking a the elastic modules of the diﬀerent tissues a growth cone might en-
counter, it becomes clear that even if the above mechanisms fail, neurites stand no
chance to escape the central nervous system. A likely cell type they encounter is
a brain capillary endothelial cell lining a blood vessel in the brain. These have a
Young’smodulus of E= 5 kPa [Schrot et al., 2005]. For a neurite a sheet of such cells
feels like a solid wall, they can push and poke, but that wall wont move. The same
is true for ﬁbroblasts, they have an elasticity of E = 4 – 5 kPa citepMahaﬀy2004.
In such moments the weakness of the growth cone is a last resort mechanism to
keep the neurite within the central nervous system and to maintain the blood-brain-
barrier. At the same time, the gray (454 ± 53 Pa) and the white (K = 294 ± 74 Pa)
matter [Christ et al., 2010] are a good substrate are in the right stiﬀness range to
allow growth of neurites.
This preference for soft surroundings and low force generation should not be ig-
nored when developing therapies for injuries in the CNS. Even the minor increases
in stiﬀness of glial cells (450–750 Pa after induced reactive gliosis) reported by Lu et
al. [2010] is presumed to hinder nerve regeneration. There are successful attempts
to bridge lesion in the spinal cord of animals, using soft tubes often ﬁlled with ex-
tracellular matrix (ECM)-gels [Marchand et al., 1993; Guest et al., 1997; Wells,
1997; Tsai et al., 2006]. Unfortunately, these studies concentrate on axon numbers,
axon functionality or biochemical properties of the ECMgels, but the mechanical
properties of these gels are not mentioned in these studies. Unrelated studies on the
bulk elasticity of such gels report elastic modules in the range of 50 Pa to some kPa.
They further show that the modules are strongly dependent on concentration, cross-
linking, and the pH value. Collagen gels, for example, can range from a few Pa to
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some kPa [Velegol, 2001; Raub et al., 2010]. Fibrin gels behave strongly nonlinear
with elasticity ranging from 50 to 900 Pa [Wen et al., 2007] and 50 – 500 Pa were
reported for Matrigel [Zaman, 2006; Sooﬁ et al., 2009].
A closer look to the individual components within the GC should provide further
insights into GC motility and may point out ways to go in nerve regeneration.
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6.3 Summary and Outlook
My setup is one step closer to the in vivo case, where cells are migrating in three
dimensional environments and are confronted with obstacles. My cells are still mi-
grating on a 2D-surface, but when I measure forces they are no longer migrating
in an environment where they just have to push against water. They are confronted
with a real physical obstacle. As this obstacle is at the same time my force sensor I
directly measure the force generated by the cell.
When moving in a soft three dimensional environment, force and stiﬀness are
closely linked. The elasticity of the cell, themaximal force a cell can generate and the
elasticity of the surrounding tissue will decide whether or not a cell is mechanically
able to migrate through a tissue. If a cell is very soft, it can easily squeeze trough
small gaps and pores, if the gaps and pores are passive and open all the time. A soft
cell is not able to generate high forces, as these would just deform the cell even more
without leaving an impression on the surrounding. Thus when a soft cell encounters
a hard wall it is stopped.
On the other hand a very stiﬀ cell can resist the pressure from its surrounding
very well. It is not prone to be pushed around. But it needs high forces to migrate as
it will have to open wide each and every gap it wants to migrate through. If it cannot
generate the forces necessary to push other cells out of its way it will be stuck at its
place. On the other hand if the cell is too strong it may tear its surrounding apart
and leave a trail of debris behind. Furthermore stiﬀ cells that strongly interact with
their neighbors are more likely to jam creating even bigger objects that will migrate,
if they migrate at all, as one.
Hence, migration in a 3D-environment requires a careful balance between being
soft enough to use small gaps and being strong enough to push that gap open wide
enough to actually ﬁt through. Cell motility in the body seems to happen in a phase
space where the cellular forces and elasticity as well as the forces and stiﬀness of
the surrounding are important physical variables.
For example neurons of the central nervous system live at a point in this phase
space where everything is soft and weak, the neurons as well as their surrounding.
This allows them to migrate within the central nervous system, but as soon as they
try to leave it, they hit a wall.
Cells involved in the immune response are located at a diﬀerent point, as they
have to be able to penetrate into other tissues. And the tissues they have to move into
might be quite diverse. Also ﬁbroblasts that close a wound ﬁrst move towards the
wound and then they contract the tissue to reduce the size of the lesion. Which opens
the question whether cells are able to use diﬀerent modes of migration depending
on their surrounding and the signals they receive.
And this phase space opens a new perspective in cancer therapy. Metastatic tu-
mors produce cells that are very well adopted to migrating through the body. How-
ever, if a cell needs to have the right elasticity and force to be able to leave its original
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surrounding one could eithermake them soweak that they are unable to push through
anything. Or make them so stiﬀ that they will get stuck everywhere. Both should ef-
fectively prevent them from getting anywhere. Identifying where the invasive cells
really are in the phase space, and if they are able to adopt to diﬀerent surroundings,
may show which way is the most promising.
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